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Zussammenfassung 
 
Presshärten ist ein neuartiger Prozess um besonders hochfeste Automobilteile 
ohne jegliche Rückfederung zu produzieren. 
Das gleichzeitige Umformen und Abkühlen der heißen Rohlinge nach der 
Austenitisierung resultiert in einer vollständig martensitischer  Mikrostruktur 
im Endprodukt. 
Die Umwandlung der Rohlinge in die Austenit-Phase, das Transportieren der 
heißen Rohlinge vom Brennofen zu den Werkzeugen und das kombinierte 
Umformen und schnelle Abkühlen in der Pressform sind die maßgeblichen 
Prozessschritte des Presshärtens. 
Viele Automobilhersteller haben sich auf den Presshärte-Prozess spezialisiert 
um verschiedene ultra-hochfeste Teile zu produzieren, so dass das Gewicht 
verringert und die Sicherheit der Karosserie erhöht wird.  Üblicherweise wird 
der Bor-legierte Stahl 22MnB5 für das Presshärten benutzt. Dieser Stahl hat 
eine akzeptable Härtbarkeit und produziert nach dem Presshärten eine (latten) 
martensitische Mikrostruktur. Die Streckgrenze und Zugfestigkeit werden 
durch das Presshärten auf ungefähr 1000 MPa und 1500 MPa erhöht. 
Die maßgebliche Zielsetzung der derzeitigen Forschung basierten auf: 
Entwicklung eines Labors für die Simulation des Presshärtens 
Erforschung verschiedener Stahl-Sorten in Hinblick auf ihre mechanischen 
Eigenschaften nach dem Presshärten 
Die Analyse des Prozesses des Presshärtens im Vergleich zu alternativen 
Technologien.  
Die oben genannten Ziele wurden durch die Untersuchung von zehn 
Stahlsorten, darunter fünf Bor-legierte Stähle, und die Ausstattung des 
derzeitigen Presswerks mit Presshärte-Werkzeugen verfolgt. 
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 Introduction 
Hot stamping is a novel process to produce ultra high strength automobile 
components without any spring back. Simultaneous forming and quenching of 
the hot blanks after austenization result in fully martensitic microstructures in 
the final products. Austenization treatment of the blanks, transferring the hot 
blanks from he furnace to the tools and simultaneous forming and rapid 
cooling in the die are the main steps during hot stamping process. 
Many car manufacturers have been focused on hot stamping to produce 
various ultra high strength components so that decreasing the weight as well as 
increasing safety of the cars.  
22MnB5 boron alloyed steel is the common steel which is used by hot 
stamping. The mentioned steel has acceptable hardenability and produces fully 
lath martensitic microstructure after hot stamping. The yield strength and the 
ultimate tensile strength after hot stamping are increased to approximately 
1000 MPa and 1500 MPa, respectively. 
The main objectives of the present research were based on: 
 
Development of a laboratory set up for simulating hot stamping process, 
 
Investigation on different steel grades with respect to their mechanical 
properties after hot stamping, 
 
Numerical simulation of the hot stamping process. 
  
 
 
Chapter one 
 
 
 
 
 
 
 
1 Background 
1.1 Hot stamping process 
The application of ultra high strength steels in automotive industries has 
increased, due to the need for higher passive safety and weight reduction. Hot 
stamping is an innovative technique to produce ultra high strength steel 
components like side impact and bumper beams by using boron steels. 
Deformation in this process is carried out at high temperature, in the austenitic 
region where the material has FCC structure [1]-[4]. 
The warm and hot stamping processes were mainly applied to magnesium and 
aluminum alloy sheets [5]-[8]. Nowadays, it is well known by automotive steel 
products. The process is outlined in Figure 1. In this process the steel sheet is 
heated to a temperature in the austenite range, higher than the Ac3 temperature. 
Austenitized steel sheet is transferred from the furnace to a pressing machine, 
formed into a prescribed shape using dies maintained at room temperature, and 
simultaneously quenched. The press machine is retained at the lower dead 
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point until the entire steel sheet is cooled sufficiently. 
As can be seen in Figure 1, the cooling rate must be high enough to have only 
austenite to martensite transformation. On the other hand, bainitic and/or 
ferritic transformation must be prevented. 
 
Figure 1 Schematic of hot stamping process [9]. 
The main advantages of hot stamping are the excellent shape accuracy of the 
components and also the possibility of producing ultra high strength parts 
without any spring back. Due to transformation of austenite to martensite 
within the stamping operation, the spring back effect is avoided. 
The hot stamping process is composed by different steps: austenization 
treatment, transfer of the blank, hot pressing and cutting and piercing. The 
details of mentioned steps are illustrated in the following. 
1.1.1 Austenization treatment 
The blank is heated at 900°C-950°C for several minutes. At such high 
temperatures the steel is very ductile and is easily formed into complex 
shapes. The heating time depends on the thickness of the blanks. It is 
necessary to control the atmosphere of furnace to limit decarburization on the 
trimming. 
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1.1.2 Transfer of the hot blank 
The transfer operation must be realized as quickly as possible to assure the 
required mechanical properties of the part according to the CCT diagram. If 
temperatures of the blank fall bellow 780°C, the microstructure will have 
some bainite and/or ferrite. 
1.1.3 Hot stamping 
The hot blank is placed by the robotic arm in the tool which is water cooled to 
room temperature. The tools remain cooled for approximately 15 seconds by 
the hydraulic press. Then, the part is extracted from the tool at a temperature 
of around 80°C to guarantee a good geometry after the final air cooling. So, 
the production rate allows realizing 2 or 3 stamps per minute [10] . 
1.1.4 Cutting and Piercing  
The cutting and piercing tools are performed by conventional mechanical 
press. However, the high hardness of the steel after heat treatment leads to use 
specific gap and adapted material for cutting dies. 
1.2 Types of hot stamping process 
However, the general rules in hot stamping are observed but due to different 
financial and technical reasons, there are some differences in hot stamping 
mechanisms. Direct and Indirect hot stampings are two methods which differ 
in process consequence. In direct hot stamping a blank is austenitized in a 
furnace at a temperature of about 900°C-950°C and then placed in a die and 
formed at high speeds. Once the draw depth is reached the part is hardened by 
targeted cooling.  
In contrast, during indirect hot stamping process the components are first cold 
drawn to 90-95% of final shape in a conventional die set. The pre-forms are 
heated to austenization temperature in a furnace and then hardened in the die. 
The intention behind this method is to reduce abrasive wear on the die 
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surfaces. For instance, when uncoated 22MnB5 steel is used, scales form on 
the surface. The relative movements between die and blank during hot forming 
process result in heavy wear on the surface of die. The use of preformed parts 
reduces the relative movements and thus minimizes wear in the die [2]. Both 
direct and indirect hot stamping processes are illustrated in Figure 2. 
Recently in Japan, a new method is developed to heat the blank directly in die 
by resistance heating [12]. In this process, the decrease in temperature of the 
blank before the forming is prevented by direct heating the sheet sets into dies 
by means of the electrical resistance. As can be seen in Figure 3, the metal can 
be heated by means of the electrical resistance during the electrifying, the so-
called Joule heat. The resistance heating is rapid enough to synchronize with a 
press, and has higher energy efficiency and compacter equipment than 
induction heating. 
Besides preventing temperature decrease during transferring the blank from 
furnace to the die, the oxidation problem is also eliminated. In spite of these 
advantages, due to rapid heating, the control of the heating temperature in this 
process is not so easy. 
Semi-hot stamping is another method which is running in some companies 
[13], [14] for galvanized steel sheets. Due to evaporation of Zinc at very high 
temperatures [15] during hot stamping, hot dip galvanized steel sheets can not 
be used in hot stamping processes, thus semi-hot stamping is carried out below 
Ac1 temperature. 
However, the hot stamping process appeared at the end of the nineties, due to 
the outstanding industrial advantages, many industries and institutions around 
the world contributed in developing the process. Some of them focused on 
material properties and coatings [15]-[21]. Some others tried to improve the 
efficiency of the process [10], [22], [23] and [24]. Moreover, simulation of the 
process and material characterization has been considered [19], [21] and [25]-
[30].  
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Figure 2 Direct and indirect hot stamping process [11]. 
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Figure 3 Warm and hot stamping process using resistance heating:                            
a) Electrifying and b) Forming [12]. 
1.3 Ultra high strength steels 
There is no specific definition for ultra high strength steels but mostly the 
steels with yield strength higher than 560 MPa are known as UHSS. The 
groups of steels which lie in this category are [31]: 
• Medium carbon low alloy hardening steels, 
• Medium alloy hardenable or tool and die steel, 
• High alloy hardenable steels, 
• High nickel maraging steels, 
• Martensitic stainless steels, 
• Semi austenitic precipitation hardenable stainless steels. 
To reach to such ultra high strength, there are some hardening mechanisms 
which are summarized as below [32] : 
• Solid solution hardening by interstitial and substitutional elements like 
C, Mn, Si, 
• Precipitation hardening (Ti, Nb, V), 
• Grain refinement, 
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• Dislocation hardening, 
• Transformation hardening (Martensite). 
The mentioned hardening mechanisms have been studied by many 
investigators to have ultra high strength as well as reasonable formability. 
Now a days, in order to reduce weight and to improve safety of cars, 
automotive industries need very high strength flat products with very good 
formability and toughness for structural and impact resistance parts. 
These objectives usually could be fulfilled by the use of HSLA steels or 
aluminum. If the shape is complex, application of aluminum is a solution for 
weight saving but its strength is limited and also it is expensive [33].  
The use of HSLA steels would be a good solution if the shape is not very 
complex. These steels exhibit good strength, weldability and impact resistance 
[34].  
As the strength is increased the formability decreases. One solution to solve 
this problem is separating the required characteristic, i.e., good formability and 
very high strength. One example to realize this objective is using boron steel 
sheets with very good formability which permits complex shapes to be 
obtained. Boron acts as a strong hardening agent. A boron addition of 30 ppm 
gives a hardenability increases equivalent to 0.6% Mn or 0.7% of Cr or 0.5% 
of Mo or 1.5% of Ni [35]. After heat treatment or hot stamping this steel 
exhibits more than 1500 MPa ultimate tensile strength and 1100 MPa yield 
strength. Figure 4 shows the schematic overview of sheet steels for 
automotive components. 
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Figure 4 Schematic overview of sheet steels for automotive components [24]. 
As-rolled quenchable boron steels with low mechanical properties provide a 
good blanking and cold forming ability. According to their high hardness after 
heat treatment, quenchable boron steels are particularly well suited for wear 
and abrasion resistant application. Regarding to this characterization it allows 
large weight saving – up to 50% compare to an HSLA grade – on structural 
and automotive components.  
   
Figure 5 Microstructure of typical boron steel before and after treatment,                             
a) Ferrite, Pearlite and carbides, b) Martensite. 
Figure 5 shows the microstructure of typical boron steel before and after heat 
treatment. The microstructure contains ferrite, pearlite and also carbides in as 
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received and martensite in as quenched conditions. 
1.4 Current applications and market trends 
Quenchable boron steels with mentioned characterization can be used in 
applications require wear resistant properties. The main applications for these 
steels are agricultural machinery like discs, plough shares and mould boards, 
machinery for public works or mining, heat treated and wear resistant parts 
[36].  
Moreover, the application of boron steel sheets has been developed by hot 
stamping process to anti-intrusion structural automotive parts. Now a days 
many companies [37]-[42] manufacture door beams, A and B pillar 
reinforcement, Front  and Rear bumpers, side impact beams and more various 
components of auto body by using hot stamping process and boron steels. 
Some applications of ultra high strength hot stamped parts used in XC90-
Volvo car are given in Figure 6. It is seen that about 6.5 percent of auto body 
is manufactured by these types of products. 
 
Figure 6 One example for application of hot stamped ultra high strength parts 
in XC90-Volvo [9].   
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Finally, the advantages of hot stamping process and using quenchable boron 
steels can be summarized as below: 
• Very high formability during stamping, 
• Forming of very complex geometries, 
• Ultra high strength steel parts after process, 
• High toughness, 
• High elongation at brake, 
• Material properties independent of forming depth, 
• Acceptable dimensional tolerances, 
• Good weldability, 
• Well suited for crash applications [24]. 
 
Due to the mentioned advantages, majority of the car manufactures specify hot 
stamped parts for their vehicles. New hot stampers appear on the market and 
several new lines are being built throughout the world [10] and [43].  
The estimated total consumption of flat boron steels for hot stamping and 
press hardening was about 60,000-80,000 ton/year in Europe in 2003. In 2008-
2009, this consumption will strongly increase in Europe up to 300,000 
ton/year. The same trend is observed in Japan and North-America. In 2003 
there were 15 hot stamping lines in   Europe which will be increased to 42 
lines in 2009 [10]. 
1.5 Metallurgical aspects 
1.5.1 Hardenability mechanism by Boron 
The addition of typically 10–30 ppm boron to low alloy steels enhances 
hardenability [44], [45] through segregation of boron to austenite grain 
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boundaries that delays the nucleation of ferrite [46], [47]. Some believe that 
the boron on austenite grain boundaries lowers their surface energy [48] 
thereby delaying the nucleation of ferrite [49], [50], whereas others [51], [52]  
report that Fe23(CB)6 particles on austenite grain boundaries may impede the 
nucleation of ferrite. In other word, the TTT diagram shifts to the right, 
delaying austenite decomposition as the precipitates form and act as a 
precursor for the formation of pro–eutectoid ferrite.  
However, many studies and reviews [53], [54] are published about boron 
hardenability effects, but there are few investigations on this effect in hot 
working. The interaction of boron with grain boundaries and recrystallization 
of austenite is less considered. The thermodynamic characteristic of grain 
boundaries is changed by segregation of boron on austenite grain boundaries 
[55]. He et al [56] reported that by rapid cooling from a high austenitization 
temperature or prior isothermal deformation within the austenitic region, the 
segregated boron values on the grain boundaries are increased above the 
equilibrium levels.  Of course, it would be possible that at high enough 
temperatures and soaking times, for instance, 50-100s at 1000°C, the excess 
boron may return to the equilibrium levels by back diffusion. Haga et al [57] 
estimated that above 5 ppm of boron, a large number of boron atoms will be 
located in the matrix near to the grain boundaries in which they may impede 
their movements. This may interpret the lack of an effect on the 
recrystallization kinetics at very low levels of less than 5 ppm boron and also 
the saturation effect at levels above about 20 ppm [57]. 
1.5.2 Influence of parameters on the Boron hardenability effect 
There are a few factors which can affect the hardenability of boron steel. 
Temperature and time of austenization, the size of austenite grains, the history 
of heat treatment as well as the boron content and its existing form, carbon, 
alloying elements and the impurities such as nitrogen, titan, aluminum and the 
interactions between these factors affect the hardenability. 
Background  
 
 
13
For example, Chongzhe [58] Grange and Mitchell [59] suggested that the 
quenching operation for the structural boron steel should be performed at a 
lowest possible temperature above Ac3. He mentioned that there is a 
competition between the boron concentration at the grain boundaries and the 
solid solution boron concentration. The higher austenitizing temperature is the 
higher solid solution boron content and thereby the hardenability is decreased.  
As illustrated in Figure 7 the boron hardenability effect generally decreases 
with increasing carbon content. Thus, boron is most effective in increasing the 
hardenability of low carbon steels and has essentially no effect in steels with 
higher carbon contents approaching to 0.8%. However, boron retards 
transformation to pro-eutectoid ferrite but due to precipitation of grain 
boundary borocarbides that promote the pro-eutectoid cementite and pearlite 
reactions, has the negative hardenability effect. 
For comprehensive information on the hardenability of boron steels and the 
influences parameters one can refer to [53], [54] and [59]. 
 
 
Figure 7 Variation of the boron hardenability effect with carbon content in 
plain carbon and low–alloy steels [53] . 
 
Background  
 
 
14
1.5.3 Ductility in ultra high strength steels 
The application of ultra high strength steels, due to many benefits are 
increasing in automobile industries. Simply having the high strength is not 
enough for an ultra high strength steel to be used in car bodies. Owing to the 
final product and its requirements some more factors related to UHSS must be 
provided. As aforementioned, the higher strength the formability is 
deteriorated. Ductility, formability and toughness are some properties which 
sound the same. There are many methods and treatments can be used to 
improve the ductility and formability of steels, but most of them like 
tempering improve ductility by sacrificing the strength. Without loosing the 
strength these methods will be restricted. In the following some parameters, 
methods and treatments which influence the ductility are discussed. 
Usually, the ability of a material to have both a good ductility or formability 
and a high strength is best quantified with the TS×A80. For the carbon steels, 
this factor ranges between 10000 and 25000. Up to 450 MPa of tensile 
strength level, IF high strength steels and BH steels are very well deformable. 
DP, TRIP and CP steels also cover the above 600 MPa. It is reported [60] that 
the superior combination of formability and strength belongs to stainless 
steels. In the case of austenitic stainless steel 301LN, the TS×A80 value can 
reach to 40000. 
1.5.3.1 Alloying elements 
Each element in steel has a special and outstanding effect. In the following the 
effect of some main elements on strength and especially on ductility are 
outlined. 
• Carbon – has a major effect on steel properties. Carbon is the primary 
hardening element in steel. Hardness and tensile strength increases as 
carbon content increases up to about 0.85%C. Ductility and weldability 
decreases with increasing carbon. 
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• Manganese – contributes to strength and hardness, but less than carbon. 
The increase in strength is dependent upon the carbon content. 
Increasing the manganese content decreases ductility and weldability, 
but less than carbon. Manganese has a significant effect on the 
hardenability of steel. 
• Phosphorus – increases strength and hardness and decreases ductility 
and notch impact toughness of steel. The adverse effect on ductility and 
toughness are greater in quenched and tempered higher carbon steels. 
• Sulfur – decreases ductility and notch impact toughness especially in 
transverse direction. 
• Titanium – is used to retard grain growth and thereby improve 
toughness. Titanium is also used to achieve improvements in inclusion 
characteristic. Titanium causes sulfide inclusions to be globular than 
elongated thus improving toughness and ductility in transverse 
direction. 
• Vanadium – increases the yield strength and the tensile strength of 
carbon steels. Vanadium is one of the primary contributors to 
precipitation strengthening in micro - alloyed steels. When thermo-
mechanical processing is properly controlled the ferrite gain size is 
refined and there is a corresponding increase in toughness.  
Concerning above mentioned alloying elements effect on ductility and 
strength, one can play with these roles to have optimum high strength and 
ductility. For example, by reducing the carbon content the ductility will 
improve but the strength will be decreased. To solve this problem, i.e., the best 
combination of formability and strength, it would be a good solution to use 
very low carbon content, between 0.05–0.1 percent and add chromium and 
boron as hardenability enhancer [60]. According to this concept, the cold 
formability of such steel is good and after hardening, due to lath martensite 
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formation, it has high mechanical properties. 
In another example, in AMS 6434 steel, vanadium is added as a grain refiner 
to increase toughness and the carbon slightly reduced to promote weldability 
with out decreasing the strength [31]. 
1.5.3.2 Melting Process 
The first step to define and control the final mechanical and physical 
properties of an alloy is melting process in which alloying elements, inclusions 
and other factors can be optimized. One of the most harmful factors which 
influence ductility and toughness in steels is the existence of phosphor and 
sulfur content. The higher contents of these elements cause lower ductility and 
toughness especially in transverse direction. 
New developed melting technologies, i.e., vacuum melting and vacuum argon 
degassing as well as adding the elements which provide better ductility will 
cause better ductility and toughness without sacrificing the strength. In fact, 
steels with fewer and smaller nonmetallic inclusions and mill products with 
fewer internal and surface imperfections are produced by use of selected raw 
materials as the melting charge and advanced melting techniques such as  
vacuum–carbon deoxidation, vacuum degassing, electro slag remelting, 
vacuum arc remelting and double vacuum melting result in: 
• Less variation of properties from heat to heat and lot to lot. 
• Greater ductility and toughness, especially in transverse direction. 
• Greater reliability in service. 
The following table related to 4340 and 300M AISI steels compare the 
mechanical properties at different melting and remelting processes [31] . 
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Table 1. Average mechanical properties of air and vacuum arc remelted of two 
ultra high strength steels [31].  
Steel type Melting method Specimen direction
Tensile strength 
MPa
Yield strength 
MPa
Reduction 
in area, %
Plane Strain fracture 
Toughness, MPam1/2
Longitudinal 2005 1660 47,5 44,5
Transverse 2000 1655 8,9 45,8
Longitudinal 2035 1660 49,2 60,4
Transverse 2015 1650 40,2 61,5
Longitudinal 2095 1805 44,8 49,3
Transverse 2035 1750 23,6 58,7
Longitudinal 2080 1785 47,8 57,4
Transverse 2015 1760 33,6 64,1
Vacuum Arc Remelted
300M
4340
Air Melted 
Vacuum Arc Remelted
Air Melted 
 
 
Table 1 shows how the melting processes alter ductility and toughness of ultra 
high strength steels. In fact, remelting in vacuum improved the toughness and 
ductility of these steels without any strength deterioration. It means that the 
best way or the first method to improve the ductility and toughness of steels is 
the type of melting process. 
Besides reducing the harmful trace elements by applying high–tech melting 
methods, the inclusions which also destroy the toughness, are optimized. 
Garrison [62] studied the effects of inclusion type on the toughness of Ultra 
high strength steels. He mentioned that when fracture is micro-void 
coalescence the fracture toughness of steel is determined by both the fine scale 
microstructure and the inclusions. It is known that if the fracture mode is 
ductile the toughness is strongly dependent on the volume fraction of 
inclusions, i.e., the higher toughness can be achieved by decreasing the 
volume fraction of inclusions. Garrison [62] considered also two other 
methods to minimize the detrimental effect of inclusions on toughness. 
The first approach to increase fracture toughness is increasing the inclusion 
spacing. Secondly, make the inclusions resistant to void nucleation. The type 
of inclusion is also very important. For instance, the gettering sulfur as Ti2CS 
rather than as MnS or La2O2S can increase toughness by as much as two. 
Further information is demonstrated in [62] . 
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1.5.3.3 Microstructure 
One of the main factors which influence the ductility as well as high strength 
is the final microstructure. The lath martensite in contrast to the plate 
martensite gives better combination of ductility and ultra high strength. The 
low carbon contents result in lath martensite. In fact, by reducing the carbon 
contents to low values (especially to 0.05– 0.1%C) and adding some 
hardenability enhancers like chromium and boron, the microstructure after 
forming and quenching provides fully lath martensite which gives a good 
combination of high strength and ductility. 
It is clear that the coarser austenite grain size the toughness is decreased. But 
at very low carbon contents, lath martensitic structure is tough and ductile 
even at coarse austenite grain size. Besides, the lath martensitic microstructure 
does not need tempering. 
The full martensite microstructure was considered that the lath type gives 
better combination of ductility and strength than the plate type. But due to dual 
phase high strength steels, it has recently been argued that the strength as well 
as ductility of such dual phases is not only dependent on the volume fraction 
of each phase but also strongly dependent on the morphology, size and 
distribution [63] . It has been demonstrated that the coarse martensite and 
ferrite duplex structure obtained by continuous annealing from the austenite 
region results in poor ductility and toughness with relatively high strength. In 
contrast, a fine dual phase microstructure formed by intermediate quenching 
will improve ductility and toughness without sacrificing the strength. Figure 8 
illustrates intermediate and step quenching schedules. 
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Figure 8 Schematic representation of heat treatment schedules for                   
(a) Intermediate quenching and (b) Step quenching [63]. 
It is revealed that the intermediate quenching process results in uniform 
distribution of fine and fibrous martensite in the ferrite matrix. Whereas, the 
step quenching process yields blocky and banded ferrite and martensite 
phases. In conclusion, better combination of strength, ductility and toughness 
is achieved by intermediate quenching than step quenching [63]. As a result, 
the intermediate quenching process, due to favorable morphology and 
distribution of ferrite and martensite phases, may be proposed as a suitable 
route for manufacturing of the high strength dual phase steels which needs 
adequate formability and toughness.  
The effect of microstructure on the elongation of ferrite–bainite C-Mn steel is 
also considered by Hashimoto et al [64] .  
One important notice must be cared that the forming mode of ultra high 
strength steels is mainly bending because of limited formability or simply the 
formability of UHSS is governed by the local ductility that can be evaluated 
by bendability.  Yamazaki et al. [65]  investigated the relationship between 
bendability and microstructure of UHSS. It was found that the bendability is 
strongly dependent on the homogeneity of the microstructure and not on the 
ductility and strength, as shown in Figure 9. For this reason he defined a 
homogeneity index factor by using hardness tests. To describe the homogeneity 
index, he made hardness measurements at five points at 2mm intervals in 
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rolling and transverse directions from the surface of sheet specimen on 
Rockwell C scale and took the standard deviation as the homogeneity index. 
 
Figure 9 Influence of (a) total elongation and (b) homogeneity index on 
minimum bending radius [65]. 
Figure 9 exhibits that there is no correlation between bendability and total 
elongation. In this regard, the formability of ultra high strength steels is 
correlated to the local elongation or ductility than the total elongation. The 
inhomogeneity means that there are many local sites in which the micro-
cracks can nucleate.  If there are some initial cracks in the product caused by 
inclusions or scratch damage, bendability will be deteriorated significantly 
[66]. This is an important fact and must be highlighted. In conclusion, 
bendability has a strong correlation with homogeneity of the microstructure. In 
ultra high strength steels, the better microstructure homogeneity results in 
better formability. 
Due to this fact, three types of ultra high strength steels are developed in 
Nippon Steel Corporation [67]. Figure 10 shows an elongation type, a hole 
expandability type (bendability type) and a balanced type.  
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Figure 10 Product assortment of 980MPa class cold rolled steel sheets [67]. 
As aforesaid, in the case of ultra high strength steels, if total elongation is 
increased the properties governed by local elongation like bendability and hole 
expansibility (stretch flangeability) will be deteriorated.  It indicates that the 
total elongation and local ductility are incompatible with each other.  
In the elongation type, it is necessary that the microstructure would be a dual 
phase in which the base phase is a soft phase like ferrite to provide high 
elongation and the secondary phase a hard phase like martensite to provide 
high strength. For this end, they added some ferrite forming elements and 
applied an optimum annealing temperature pattern at the processing on a 
continuous annealing and processing line. 
About the hole expansibility type, it is clear that if the microstructure is not 
uniform or homogene, the strain concentrates locally. It means that the local 
strain concentration occurs at the borders of the soft and hard phases and 
thereby, the hole expansibility and bendability is deteriorated. To produce 
such type of steels, the hardness between base and secondary phase must be 
decreased and the temperature at continuous annealing and processing line is 
increased to improve homogeneity [67]. 
1.5.3.4 Grain refinement 
As stated previously, there are 5 methods to increase the hardness and strength 
of steels as: 
• Solid solution hardening  
• Precipitation hardening  
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• Dislocation hardening 
• Transformation hardening, and  
• Grain refinement 
All first four methods decrease elongation and toughness, although strength is 
increased. In contrast, hardening by grain refinement does not have this 
undesirable effect. The effect of grain size on hardening by grain refinement 
can be expressed by the Hall-Petch relationship. Figure 11 shows the 
relationship between the grain size and strength obtained from measurements 
of stainless steel of the same chemical composition and various grain sizes 
[68]. 
The grain size in the ordinary as hot rolled structural steels is about 20 mμ . 
Grain sizes of 10-5 mμ can be obtained by controlling the hot rolling 
conditions and the cooling conditions after hot rolling and the grains can be 
further refined to 5-1 mμ  by quench tempering. However, this is the limit for 
the grain size that can be obtained industrially. Figure 11 exhibits that the 
yield strength is increased by about 350 MPa due to grain refinement from 
20 mμ  to 1 mμ . It means that the yield strength can be almost doubled in plain 
carbon steel. Therefore, it is expected that new techniques are developed to get 
much finer grains in an industrial manufacturing processes. 
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Figure 11 Hardening by grain refinement [68]. 
1.6   Phase transformations during thermo-mechanical processes 
1.6.1 Continuously cooled ferritic microstructure 
In contrast to the equiaxed ferritic microstructures of conventionally hot-rolled 
or cold-rolled-and-annealed steels, the ferritic microstructures formed by 
decomposition of austenite and by virtue of alloying or rapid cooling, often 
assume non-equiaxed morphologies. The temperature range in which the non-
equiaxed morphologies of ferrite form is intermediate to those at which 
austenite transforms to equiaxed ferrite/pearlite and martensite. Therefore, this 
range is the same as that in which bainitic microstructures form in medium-
carbon steels. However, the low-carbon steel ferritic microstructures formed at 
intermediate temperatures differ in variety and form from classical bainitic 
microstructures. Figure 12 shows continuous-cooling-transformation (CCT) 
diagram for an HSLA plate steel evaluated by Thompson et al. [69]. 
Different parts of the diagram are labeled by the letters PF, WF, AF and GF, 
which stand for polygonal ferrite, Widmanstatten ferrite, acicular ferrite and 
granular ferrite, respectively.  
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The general reaction of austenite to ferrite implies rejection of carbon into 
retained austenite, according to the dynamic solubility limits of ferrite. At very 
high cooling rates, even in very-low-carbon steels or irons with sufficient 
hardenability, austenite may transform to martensite. 
 
Figure 12 Continuous-cooling-transformation diagram of HSLA steel containing   
in mass%, 0.06C, 1.45Mn, 1.25Cu, 0.97Ni, 0.72Cr, 0.42Mo [69]. 
In addition to the relatively well-characterized forms of ferrite which form 
from austenite at high temperatures, types of ferrite which form from austenite 
at intermediate temperatures are now commonly observed in continuously 
cooled low-carbon steels [70]. 
Among different ferrite morphologies described by Kraus and Thompson [70], 
'bainitic (or acicular) ferrite' and 'granular (or granular bainitic) ferrite' are 
those related to the intermediate formation temperatures of ferrite. As the 
mentioned temperature range is also applicable for the bainitic transformation, 
its concept is briefly discussed here. 
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1.6.1.1 Bainitic or acicular ferrite 
With increasing cooling rates, the austenite of low-carbon and ultra low-
carbon steels transforms to much finer ferrite crystals than described above. 
The most commonly used terms for the resulting ferritic microstructures are 
bainitic ferrite and acicular ferrite. The transformation temperatures for the 
formation of these ferritic microstructures are clearly in the intermediate 
temperature range as shown in the continuous cooling transformation diagram 
of Figure 12. Although the austenite decomposition is only to ferrite, 
coexisting with retained austenite or M/A constituent, the microstructural 
arrangement of acicular shaped ferrite crystals in groups of parallel laths is 
included in the Ohmori et al. [71], bainite classification as BI bainite and in 
the Bramfitt and Speer bainite classification [72] as B2, acicular ferrite with 
interlath austenite. Thus, the literature describes the fine non-equiaxed ferritic 
intermediate temperature austenite transformation product as both ferrite and 
bainite. 
1.6.1.2 Granular ferrite 
Granular bainitic ferrite or granular ferrite, GF, has many similarities to 
bainitic or acicular ferrite, but there appear to be morphological differences 
which merit a separate category of austenite-to-ferrite transformation. 
Microstructures consisting of granular bainite also form in the intermediate 
austenite transformation range, as shown in CCT diagram of Figure 12.  
Although acicular and granular ferrites form over the same transformation 
temperature range, the cooling rates which form granular ferrites appear to be 
somewhat slower than those which form acicular ferrite [70]. 
Similar to acicular ferrite microstructures, the microstructure of granular 
ferrite coexists with dispersed retained austenite or M/A particles in a 
featureless matrix which may retain the prior austenite grain boundary 
structure. However, in contrast to the acicular ferrite microstructures, the 
dispersed particles have granular or equiaxed morphology. TEM images show 
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that the ferritic matrix consists of fine ferrite crystals, containing high densities 
of dislocations, separated by low-angle grain boundaries. As for acicular 
ferrite microstructures, the low-angle boundaries explain the insensitivity of 
the matrix ferrite crystals to etching for light microscopy. The ferrite crystals 
have granular or equiaxed shapes which cause enclosed retained austenite or 
M/A regions, by default, to have the granular or equiaxed shapes resolvable in 
light micrographs. 
1.6.2 Characterization of Bainitic microstructure   
The numerous terms created over the last 50 years to describe specific bainite 
morphologies have led to some confusion, and it is suggested that the 
commonly used terminologies do not adequately describe the full range of 
bainitic microstructures which are observed [72]. Upper and lower bainite are 
established terms describing microstructures which can easily be distinguished 
using routine microscopy, and whose mechanisms of formation are well 
understood. There are, however, a number of other descriptions of steel 
microstructures which include the word 'bainite'. These additional descriptions 
can be useful in communicating the form of the microstructure. But, this must 
be done with care, avoiding the natural tendency to imagine a particular 
mechanism of transformation, simply because someone has chosen to coin the 
terminology [73].  
The morphological features of ferrous martensites have been rather well 
characterized over the past decades. In comparison, the characterization of 
bainitic microstructures and properties is much less complete. Bainite has 
received relatively little attention, and a great deal of effort will be required to 
understand the bainitic transformation more fully, particularly of bainite which 
forms during continuous cooling [72]. 
In this part of the current chapter, the principles of the bainitic transformation 
in addition to different bainite morphologies and its suggested definitions are 
given. The target is to gradually bring readers' attention to the importance of 
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dividing the general concept of bainitic transformation into two major 
categories: isothermally formed bainite and continuously cooled bainite. It is 
then seen that having a deep knowledge about the possible bainite 
morphologies can help to avoid any misunderstandings of the final appeared 
phases in the microstructure of the continuously cooled steels. As showing and 
describing all the possible bainite morphologies are out of the discussions of 
the current report, the following pages concentrate more on the definition and 
characteristics of the continuously cooled bainite – i.e., granular bainite – in 
more details. For more information on other bainitic transformation 
mechanisms and microstructures, please refer to [72] and [73]. 
1.6.2.1 Isothermally formed bainite 
Isothermal bainite is usually distinguished as 'upper' or 'lower' depending on 
whether the carbides are distributed between individual ferrite regions or 
within them, respectively. The carbides are usually cementite, although ε-
carbide may also be found in lower bainite. The difference between upper and 
lower bainite is also based on whether the transformation temperature is above 
or below approximately 350°C, although it has been shown that the distinction 
is not universally applicable. Upper bainite comprises a lathlike morphology, 
and the austenite/ferrite habit plane is thought to be near {111}γ/{110}α. 
Lower bainite is generally reported to have a platelike morphology in 
isothermally transformed steels, with an irrational habit plane somewhat 
further away from {111}γ. The carbide in lower bainite generally consists of a 
single crystallographic variant inclined to the apparent longitudinal axis of 
ferrite, although multiple variants have also been reported (similar to those 
observed in tempered martensite) [72]. 
1.6.2.2 Continuously cooled bainite   
To the physical metallurgist, bainitic steels are recognized by the shape of 
their CT diagram. In steels which are commercially important, a typical 
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diagram features the polygonal ferrite transformation (ferrite nose) shifted 
rightward to regions of very slow cooling rate, thereby exposing a broad, flat 
bainite transformation region. The advantage of having a CT diagram with a 
broad, flat bainitic nose is that bainite with an almost constant transformation 
start temperature can be produced over a wide range of cooling rates. 
Consequently, bainite can be produced in heavy sections with little change in 
tensile properties compared to thinner sections. 
A typical CT diagram for commercial bainitic steel is shown in Figure 13 to 
illustrate some of the important features of the bainitic transformation in 
continuously cooled steels. In this figure, the bainitic transformation spans a 
range of cooling rates from about 4°C/min to 600°C/min (measured between 
800°C and 500°C). This range is typical of the rates experienced during 
thermo-mechanical processing or heat treating in the commercial production 
of steel components varying in thickness from 100 to 1000mm. 
 
Figure 13 Continuous cooling-transformation diagram for a Ni-Cr-Mo steel. 
Composition of steel (weight percent): 0.15C, 0.32Mn, 0.31Si, 2.72Ni, 
0.41Mo [72]. 
Although the CT diagram in Figure 13 indicates that bainitic microstructures 
are generated over a wide range of cooling rates, the situation is complicated 
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because of the wide variations in microstructure which are actually observed. 
For example, the light-optical microscope shows the appearance of an 
'acicular' bainite microstructure (with some martensite) at a cooling rate of 
461°C/min. At a much slower cooling rate of 3°C/min, a 'granular' bainitic 
microstructure is produced. 
In fact, the terms upper and lower bainite were originally used to describe 
isothermal transformations in specific temperature regimes, but the 
terminology is rather less meaningful (and even misleading) in describing the 
bainitic transformation during continuous cooling were substantially different 
microstructures can be obtained over a relatively constant range of 
transformation temperatures. 
Of all the unusual descriptions of bainitic microstructures, granular bainite is 
probably the most useful and frequently used nomenclature. During the early 
1950's, continuously cooled low-carbon steels were found to reveal 
microstructures which consisted of 'coarse plates and those with an almost 
entirely granular aspect', together with islands of retained austenite and 
martensite Figure 14, [74]. 
Habraken and coworkers [75]-[78] called this morphology as 'granular 
bainite' and the terminology became popular because many industrial heat-
treatments involve continuous cooling rather than isothermal transformation. 
Granular bainite is supposed to occur only in steels which have been cooled 
continuously; it cannot be produced by isothermal transformation. 
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Figure 14 Granular bainite in a Fe-0.15C-2.25Cr-0.5Mo wt% steel: Left picture, 
light micrograph; Right picture, corresponding transmission electron 
micrograph [73]. 
Habrakan and Economopoulos [78] summarized their findings schematically 
in the CT diagram which is presented here in Figure 15. 
 
Figure 15 Schematic representation of a CT diagram showing formation of 
granular bainite (path I), upper bainite (path II), and lower bainite 
(path III) [72]. 
At relatively slow cooling rates, 'granular bainite' is formed (cooling path I). 
At intermediate cooling rates (cooling path II), they reported the formation of 
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upper bainite. To form lower bainite, they suggested that an isothermal hold 
just above the Ms temperature is required, as indicated by cooling path III in 
Figure 15. 
One of the most complete studies on the nature of continuously cooled bainite 
was carried out by Ohmori et al [71]. Their work examined various 
microstructures which developed through both isothermal and continuous 
cooling transformation in Ni-Cr-Mo steel. Using both replicas and thin foils, 
they examined the fine morphological and crystallographic details in this alloy 
and separated the various microstructures into three distinct classes which they 
called bainite I, bainite II and bainite III, Figure 19.   
 
Figure 16 Schematic representation of the CT diagram of a Ni-Cr-Mo steel 
showing three forms of bainite; Bainite I being a carbide-free form, 
bainite II being a form similar to upper bainite, and bainite III being a 
form similar to lower bainite [72]. 
Bainite I consists of a carbide-free acicular ferrite with well-defined films of 
retained austenite (and/or martensite) at the lath boundaries; bainite II is 
similar to upper bainite, with cementite particles between the carbide free 
ferrite laths. Bainite III is similar to the lower bainite, with cementite 'platelets' 
forming within the laths. However, the acicular ferrite was found to be present 
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in a lath morphology, rather than in the plate morphology which is typically 
reported for lower bainite.  
The coarse plates regarding the granular bainite structure do not really exist. 
They are in fact, sheaves of bainitic ferrite with very thin regions of austenite 
between the sub-units because of the low carbon concentration of the steels 
involved. Hence, on an optical scale, they give an appearance of coarse plates, 
Figure 14. 
A characteristic (though not unique) feature of granular bainite is the lack of 
carbides in the microstructure. The carbon that is partitioned from the bainitic 
ferrite stabilizes the residual austenite, so that the final microstructure contains 
both retained austenite and some high-carbon martensite. Consistent with 
observations on conventional bainite, there is no redistribution of 
substitutional solutes during the formation of granular bainite. The extent of 
transformation to granular bainite is found to depend on the undercooling 
below the bainite-start temperature. This is a reflection of the fact that the 
microstructure, like conventional bainite, exhibits an incomplete reaction 
phenomenon. 
The evidence therefore indicates that granular bainite is not different from 
ordinary bainite in its mechanism of transformation. The peculiar morphology 
is a consequence of two factors: continuous cooling transformation and a low 
carbon concentration. The former permits extensive transformation to bainite 
during gradual cooling to ambient temperature. The low carbon concentration 
ensures that any films of austenite or regions of carbide that might exist 
between sub-units are minimal, making the identification of individual 
platelets within the sheaves rather difficult using light microscopy. 
Finally, it is interesting that in an attempt to deduce a mechanism for the 
formation of granular bainite. Habraken (1965) [76] proposed that the 
austenite prior to transformation divides into regions which are rich in carbon, 
and those which are relatively depleted. These depleted regions are then 
supposed to transform into granular bainite [72] and [73].  
Background  
 
 
33
1.6.3 Martensite and Martensitic transformation in steels 
Perhaps the most important allotrope of iron is 'martensite', a chemically 
metastable substance with about four to five times the strength of ferrite [79]. 
The name martensite is after the German scientist Martens. A minimum of 0.4 
wt% of carbon is needed in order to form martensite [80]. It was originally 
described as the hard microconstituent found in quenched steels. Martensite 
remains of greatest technological importance in steels where it can confer an 
outstanding combination of strength (>3500 MPa) and toughness (>200 
MPam1/2). Martensite can form at very low temperatures, where diffusion, 
even of interstitial atoms, is not conceivable over the time period of 
experiment. The highest temperature at which martensite forms is known as 
the martensite-start, or Ms temperature. Although it is obvious that martensite 
can form at low temperatures, this is not necessary to occur. Therefore, a low 
transformation temperature is not sufficient evidence for diffusionless 
transformation.  
Martensite plates can grow at speeds of sound in the metal. In steel this can be 
as high as 1100ms-1, which compares with the fastest recorded solidification 
front velocity of about 80ms-1 in pure nickel. Such high speeds are 
inconsistent with diffusion during transformation [79].  
When the austenite is quenched to form martensite the carbon is 'frozen' in 
place when the cell structure changes from FCC to BCC. The carbon atoms 
are much too large to fit in the interstitial vacancies and thus distort the cell 
structure into a Body Centered Tetragonal (BCT) structure. The chemical 
composition of martensite can be measured and shown to be identical to that 
of the parent austenite. The totality of these observations demonstrates 
convincingly that martensitic transformation is diffusionless [79]. 
The heat treatment process for most steels to get a full martensitic 
microstructure involves heating the alloy until austenite forms, then quenching 
the hot metal in water or oil, cooling it so rapidly that the transformation to 
ferrite or pearlite does not have time to take place. The transformation into 
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martensite, by contrast, occurs almost immediately, due to the lower activation 
energy.  
Martensite has a lower density than austenite, so that the transformation 
between them results in a change of volume. In this case, expansion occurs. 
Internal stresses from this expansion generally take the form of compression 
on the crystals of martensite and tension on the remaining ferrite, with a fair 
amount of shear on both constituents. If quenching is done improperly, these 
internal stresses can cause a part to shatter as it cools; at the very least, they 
cause internal work hardening and other microscopic imperfections. It is 
common for quench cracks to form when water quenched, although they may 
not always be visible. 
At this point, if its carbon content is high enough to produce a significant 
concentration of martensite, the resulted product is extremely hard but very 
brittle. Often, steel undergoes further heat treatment at a lower temperature to 
destroy some of the martensite (by allowing enough time for Cementite, etc., 
to form) and help settle the internal stresses and defects. This softens the steel, 
producing a more ductile and fracture-resistant metal. Because time is so 
critical to the end result, this process is known as 'tempering', which forms 
tempered steel. 
Ideally, as mentioned before, the martensite reaction is a diffusionless shear 
transformation, highly crystallographic in character, which leads to a 
characteristic lath or lenticular microstructure. 
The martensite reaction in steels is the best known of a large group of 
transformations in alloys in which the transformation occurs by shear without 
change in chemical composition. The generic name of martensitic 
transformation describes all such reactions. 
It should however be mentioned that there is a large number of 
transformations which possess the geometric and crystallographic features of 
martensitic transformations, but which also involve diffusion. Consequently, 
the broader term of shear transformation is perhaps best used to describe the 
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whole range of possible transformations.  
The martensite reaction in steels normally occur athermally, i.e., during 
cooling in a temperature range which can be precisely defined for particular 
steel. The reaction begins at a martensitic start temperature Ms which can vary 
over a wide temperature range from as high as 500°C to well below room 
temperature, depending on the concentration of γ-stabilizing alloying elements 
in the steel [81].  
1.6.3.1 Martensite start temperature Ms   
Factors affecting martensitic transformation are of vital importance in the 
design of industrial processes of UHSS. Making the transformation from 
austenite to martensite is called martensitic transformation, which is due to a 
change in chemical composition, heat treatment or plastic deformation [82]. 
Of these three cases, chemical stabilization is the most common, therefore, the 
influence of the chemical composition on the martensite start (Ms) temperature 
has been extensively reported in the literature for low alloy steels and several 
empirical equations have been proposed [79] and [83].  
Olson and Cohen [84] developed a model for heterogeneous martensitic 
nucleation that obviates the need for pre-existing embryos with martensitic 
structure, but requires a suitable nucleating defect in austenite. The initial 
defect might be a group of dislocations in an austenite-austenite interface [85] 
or frozen-in vacancies obtained by quenching from austenitization temperature 
[86]. Therefore, grain boundaries and other lattice imperfections may also act 
as nucleation sites and contribute to make the austenite phase unstable. On the 
contrary, they can also contribute to the stabilization of the austenite phase by 
hindering the growth of the transformation product [86]. Which of these 
various contributions predominates depends on the chemical composition and 
nature of the imperfections. 
Capdevila [83] studied the influence of V and Nb on Ms temperature for three 
different grades of carbon and considering a constant prior austenite grain size 
Background  
 
 
36
(PAGS) of 20 mμ . He reported that the higher micro-alloying content, the 
higher Ms temperature. This effect is more pronounced as carbon 
concentration increases. It is possible to get a physical understanding of these 
results. According to their chemical properties, V and Nb can be classified as 
very strong carbide formers. This behavior may be attributed to the influence 
of alloying elements on the activity of carbon in the solid solution. Keeping 
this in mind, it can be expected that interactions between carbon and carbide 
former elements tend to weaken the role of carbon rising thus Ms. Likewise, 
these interactions are stronger as carbon content increases. 
In carbon steels, the morphology of martensite changes with the carbon 
content. The martensite consists of bundles of laths (lath-shaped martensite) 
with a high density of dislocations inside each lath in low carbon steels and, as 
carbon content increases, it changes to lenticular (lens-shaped martensite) with 
a midrib and a high density of dislocations as well as internal twins [87]. 
Several studies [88]-[93] have documented a clear effect of PAGS on Ms 
temperature in ferrous systems. Umemoto and Owen [88] carried out a 
definitive study of the effect of grain size in bursting-type Fe-Ni-C alloys. 
These authors concluded that the Ms temperature in these alloys is influenced 
by the PAGS because of the interference with the autocatalytic nature of the 
burst-type martensitic transformation. However, they describe the martensite 
morphology as lath-shaped martensite, and lath martensite transformation is 
often associated with grain boundaries [89]. 
 
1.6.3.2 Lath martensite 
The lath martensite structure is one of the most important structures in steels. 
It is composed of fine substructures, i.e., "packets" which are a group of laths 
with almost the same habit plane, and "blocks" which contain a group of laths 
with almost the same orientation, Figure 17. A prior austenite grain is divided 
by several packets which are subdivided by blocks. It was recently shown that 
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the blocks are further subdivided by sub-blocks in low carbon steels [94]. 
   
Figure 17 LOM images (3% Nital etched) of lath martensite structures in the Fe-
0.2C-2Mn alloy: a) prior austenite grain size is 370 mμ  and b) 28 mμ , 
respectively [95]. 
This type of martensite is found in plain carbon and low alloy steels up to 
about 0.5wt% carbon. The morphology is lath-like, where the laths are very 
long. These are grouped together in packets with low angle boundaries 
between each lath, although a minority of laths is separated by high angle 
boundaries. In plain carbon steels practically no twin-related laths have been 
detected [81].  
Since these packet and block boundaries are high angle boundaries, the 
constituents are considered to be affective grains. Thus, the strength and 
toughness of lath martensitic steels are strongly related to packet and block 
sizes. It is known that both the block width and the packet size are 
proportional to the prior austenite grain size. Usually, the packet size is taken 
as the effective grain size for the strength and toughness of low carbon steels 
[95].  
1.6.3.3 Medium carbon martensite 
It is perhaps unfortunate that the term acicular is applied to this type of 
martensite because its characteristic morphology is that of perpendicular 
plates, a fact easily demonstrated by examination of plates intersecting two 
surfaces at right angles, Figure 18.  
These plates first start to form in steels with about 0.5% carbon, and can be 
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concurrent with lath martensite in the range 0.5%-l.0% carbon. Unlike the 
laths, the lenticular plates form in isolation rather than in packets, on planes 
approximating to {225} and on several variants within one small region of a 
grain, with the result that the structure is very complex [81].  
 
Figure 18 Plate-like martensite microstructure. 
1.6.3.4 Factors affecting martensitic transformation 
• Chemical composition effect    
The martensite start temperature, Ms, is of vital importance for engineering 
steels. Hence, great efforts have been made in predicting the Ms's of steels. 
Obviously, chemical composition of a steel is a main factor in affecting its Ms   
although the microstructure, (dislocation, vacancies, grain, twin, interphase 
boundaries, and precipitates), external stress and plastic deformation, may 
sometimes play an important role, too. 
The Ms temperature of engineering pure iron is estimated as 540°C. C, Mn, 
Mo, Cr and Si decrease the Ms while Mo increases the Ms. The analysis 
indicates that most alloying elements have similar effects upon the Ms and A3 
temperature. 
The interactions between substitutional alloying elements can play an 
important role in changing the Ms temperature. The Si-Mn interaction strongly 
increases the Ms, while Si-Mo interaction significantly decreases the Ms. So 
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far, there is no proper physical explanation for this though supportive evidence 
has been obtained from phenomenological result. Mn and Mo have the 
weakest interaction. Si and Mo themselves have weak influence but their 
overall effect depends further on the concentration of other alloying elements 
because of the strong interactions found with other alloying elements [92]. 
Once the Ms is reached, further transformation takes place during cooling until 
the reaction ceases at the Mf temperature. At this temperature all the austenite 
should have transformed to martensite but frequently, in practice, a small 
proportion of the austenite does not transform. Larger volume fractions of 
austenite are retained in some highly alloyed steels, where the Mf temperature 
is well below room temperature.  
To obtain the martensitic reaction, it is usually necessary for the steel to be 
rapidly cooled, so that the metastable austenite reaches Ms. The rate of cooling 
must be sufficient to suppress the higher temperature diffusion-controlled 
ferrite and pearlite reactions, as well as other intermediate reactions such as 
the formation of bainite. The critical rate of cooling required is very sensitive 
to the alloying elements present in the steel and, in general, will be lower as 
the total alloy concentration is higher [81].  
• Cooling rate effect 
In general, the martensitic transformation temperature is dependent on the 
cooling rate when cooling rate is not high; above a critical cooling rate, 
however, the starting temperature of the transformation is constant. Although 
the constant starting temperature had been established many years ago, the 
issue whether the Ms is constant and independent of the cooling rate was often 
raised. In iron-base alloys, it is often observed that the transformation 
temperature versus cooling rate curve show two plateaus when cooling rates 
exceed a critical cooling rate, Figure 19. 
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Figure 19 Relation between the transformation temperature of iron and the 
cooling rate (0.006 – 0.039%C) [87]. 
In such a case, the plateau at the lower temperature is thought to be the Ms 
temperature and the one at the higher temperature to be the A3 temperature (for 
iron-base alloys), corresponding to the largest super-cooling [87]. 
• Austenization temperature effect   
It has been reported that the higher the austenization temperature, the higher 
the Ms temperature. Figure 20 shows an example, in which the broken line 
indicates that the γ grain size increases as the austenization temperature 
increases. Also, the longer the heating time, the higher the Ms temperature, 
Figure 21. 
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Figure 20 Change of Ms temperature and austenite grain size with austenitizing 
temperature (Fe – 0.33%C – 3.26%Ni – 0.85%Cr – 0.09%Mo; heating 
time 2 min for 800°C – 1000°C, 1 min for >1000°C) [87]. 
 
Figure 21 Change of Ms temperature with heating time of austenization (same 
alloy as in figure 2-10; heating temperature 800°C) [87]. 
• Quenching media effect 
As to the interpretation of this fact, it must be noted that a lower quenching 
temperature produces more frozen-in vacancies and hence more nucleation 
sites. But it is uncertain how effective this phenomenon actually is. On the 
other hand, a lower quenching medium temperature must produce a larger 
thermal strain during quenching; hence it is expected to raise the Ms 
temperature. This effect however cannot be very large. A more likely cause of 
raising the Ms temperature is the reduction of the energy needed for the 
complementary shear during transformation, which originates in the 
elimination of lattice imperfections due to heating to a higher temperature 
[87]. 
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Each grain of austenite transforms by the sudden formation of thin plates or 
laths of martensite of striking crystallographic character. The laths have a 
well-defined habit plane and they normally occur on several variants of this 
plane within each grain. The habit plane is not constant, but changes as the 
carbon content are increased.  
Martensite is a supersaturated solid solution of carbon in iron which has a 
body-centered tetragonal structure, a distorted form of bcc iron. It is 
interesting to note that carbon in interstitial solid solution expands the fcc iron 
lattice uniformly, but with bcc iron the expansion is nonsymmetrical giving 
rise to tetragonal distortion.  
Analysis of the distortion produced by carbon atoms in the several types of 
site available in the fcc and bcc lattices, has shown that in the fcc structure the 
distortion is completely symmetrical, whereas in the bcc one, interstitial atoms 
in z positions will give rise to much greater expansion of iron-iron atom 
distances than in the x and y positions.  
Martensitic planes in steel are frequently not parallel-sided; instead they are 
often perpendicular as a result of constraints in the matrix, which oppose the 
shape change resulting from the transformation. This is one of the reasons why 
it is difficult to identify precisely habit planes in ferrous martensite.  
Perhaps the most striking advances in the structure of ferrous martensites 
occurred when thin foil electron microscopy was first used on this problem. 
The two modes of plastic deformation are needed for the in-homogeneous 
deformation part of the transformation, i.e., slip and twinning. All ferrous 
martensites show very high dislocation densities of the order of 1011 to 1012 
cm-2, which are similar to those of very heavily cold-worked alloys. Thus it is 
usually impossible to analyze systematically the planes on which the 
dislocations occur or determine their Burgers vectors.  
• Effect of pre-strain on martensitic transformation         
It is known that pre-strain has effect on α′ martensitic transformation for 
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austenitic steel. The isothermal formation of α′ martensite occurs at cryogenic 
temperatures induces a degradation in mechanical and magnetic properties. 
Therefore, it is important to investigate the details of the formation of α′ 
martensite in this steel. Nevertheless, the effects of pre-strain on the formation 
of α′ martensite have rarely been examined. Nihei et al. [98] have examined 
the effect of pre-strain on α′ martensitic transformation for Fe-25.5Ni-4Cr 
austenitic steel. Martensitic transformation was gradually suppressed with pre-
strain up to about 10%, but was contrarily enhanced with pre-strain beyond 
10%. Specimens pre-strained to 10% and 30% were reheated to clarify the 
mechanism of suppression and enhancement on α′ martensite formation. The 
diffusion activation energy of component atoms in this steel was obtained 
from the relation between the amount of α′ martensite and the reheating time. 
In specimens pre-strained to 10%, the apparent activation energy is fairly close 
to the diffusion activation energy of C in austenitic steels. In specimens pre-
strained to 30%, the apparent activation energy is close to the diffusion 
activation energy of Ni and Cr in austenitic steels. The suppression and 
enhancement of α′ martensitic transformation is attributed to diffusion of C, Ni 
and Cr in Fe-25.5Ni-4Cr. 
Murakami et al. [99] have shown that, in SUS304L austenite steel the amount 
of α′ martensite is increased by a small pre-strain of about 0.5%, whereas it is 
decreased by pre-strains over 0.5% and is completely suppressed by pre-
strains over 5%. 
Different effects are observed in Fe-25.5%Ni-4%Cr alloys whose stacking 
fault energy is believed to be higher than that of SUS304L steel [100]. In 
addition, these alloys are thought to form isothermally α′ martensite directly 
from the austenitic phase, whereas SUS304L steel forms α′ martensite mainly 
through α martensite. Figure 22 shows the effects of pre-strain for Fe-25.5Ni-
4Cr alloy and SUS304L steel. 
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Figure 22 Effects of pre-strain on the amount of α′ martensite in Fe-25.5Ni-4Cr 
alloy and SUS304L steel [100] . 
Hai Qiu et al. [101] have studied the effect of pre-strain on the mechanical 
properties of martensitic steel. The effect of plastic pre-strain on the fracture 
toughness of ductile structural steels under static and dynamic loading 
(4.9 m/s) within the ductile fracture range was evaluated by summing 
contributions due to void nucleation-contributed and void growth-contributed 
fracture toughness. The effect of strain rate on fracture toughness was also 
investigated by the same means. The results show that both plastic pre-strain 
and high-speed loading decrease the void nucleation-contributed fracture 
toughness while their effects on the void growth-contributed fracture 
toughness depend on the variations in strength and ductility. Moreover, 
fracture toughness of structural steels generally decreases with increasing 
strain rate. 
1.7  An overview on the previous investigations on the thermo-
mechanical behavior of boron steels 
Somani et al. [96] examined the effects of plastic deformation on dilatation 
during martensitic transformation in a B-bearing steel. Their results show that 
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plastic deformation of austenite at high temperatures enhances ferrite 
formation significantly and consequently, the dilatation decreases markedly 
even at a cooling rate of 280°C/s.  
It was found that, without plastic deformation, Ms and Mf were about 425°C 
and 280°C, respectively. The change in diameter was about 0.53% 
corresponding to a relative volume change of 3.2%. They mentioned that the 
reason for the drastic decrease of dilatation and drop of the Ms value to 375°C 
due to an increase in the prior plastic strain could be justified as a result of the 
stabilization of austenite by means of plastic deformation and the presence of 
retained austenite in this regard. There were, however, distinct differences in 
the high temperature slopes of the dilatation curves. The slope in the deformed 
specimens is being smaller than that in non-deformed ones. This presumably 
indicates that some ferrite formed at higher temperatures as strain-induced, 
consequently, less martensite is present.  
Microstructural examination also revealed that, at a cooling rate of 50°C/s, the 
ferrite content was about 20~40%. Hardness measurements also confirmed 
that the structure formed after severe plastic deformation was markedly softer, 
about 295~375 HV10, compared to the martensite hardness of 490~500HV10. 
However, martensite was still present in considerable amount, even though the 
dilatation became very small. Therefore, they suggested that some other 
factors, such as residual stresses due to prior plastic deformation may be an 
additional reason for the decrease of dilatation. 
Finally they found that, the severe plastic straining (strain 0.8~1.0) during 
continuous cooling at 50°C/s results in a much lower final flow stress level 
(800-950 MPa at 300~200°C) than that obtained for martensitic structure in 
isothermal tests (1650~1900 MPa). 
Another investigation by the mentioned authors [102] revealed that the Ms 
temperature is lowered by about 25-70°C with increasing plastic strain from 
0.16-0.39.  As the reason for this, they proposed that, as a consequence of 
ferrite formation, carbon becomes enriched in the remaining austenite, which 
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therefore transforms into martensite at a somewhat lower temperature.  
It was also observed that ferrite with an ultra-fine grain size can be formed as 
strain-induced by subjecting austenite to severe plastic straining at 
temperatures slightly above Ar3. Hardness measurements also confirmed that 
the microstructure formed after a high-temperature plastic deformation was 
remarkably softer, 302-440 HV10, while the martensite had a hardness of 490-
510 HV10, which was justified due to the presence of ferrite in the 
microstructure as described before.  
In case of hardness measurements, their image analysis data were in contrast 
with their hardness values and made it rather impossible to determine the 
martensite or bainite phases based on the optical microscopy images. They 
believed that the distinction between the bainite and martensite phases might 
require transmission electron microscopic examinations, which had, however 
not been performed, because this matter was not very important in their 
discussions. 
To avoid the strain-induced phase transformation, it was suggested that the 
consequences of the prior plastic deformation should be small enough or 
disappear before the temperature reaches the ferritic regime level. This means 
that forming should take place at a high temperature, >800°C, where the 
driving force for the austenite decomposition is low, or the time should be 
long enough for static recrystallization to occur. Another, more realistic 
alternative might be forming at low temperatures, such as <600°C, i.e., below 
the ferrite regime. In that case, ferrite nucleation is not accelerated, although 
some enhancement of bainite formation may occur. This may not be so 
detrimental, however, due to the notably smaller strength difference between 
martensite and bainite. Furthermore, in order to avoid straining to continue at 
the martensitic stage, which would mean excessive forming loads, a major 
spring back and high residual stresses, forming should be finished above 
420°C, which means that the proper temperature range is quite narrow. 
Overall, it was proposed that, minimization of the plastic strain, maximization 
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of the cooling rate and/or forming at 450-600°C may be suitable ways to avoid 
excessive ferrite formation and to achieve the desired mechanical properties in 
formed and quenched components [102]. 
In the last reviewed work here, Jun and coworkers [97] studied the effects of 
thermo-mechanical processing on the microstructures and transformations of 
low carbon HSLA steels with and without boron. Microstructures observed in 
continuous cooled specimens were composed of pearlite, quasi-polygonal 
ferrite, granular bainite, acicular ferrite, bainitic ferrite, lower bainite, and 
martensite depending on cooling rate and transformation temperature. Fast 
cooling rate depressed the formation of pearlite and quasi-polygonal ferrite, 
which resulted in higher hardness. However, hot deformation slightly 
increased transformation start temperature, and promoted the formation of 
pearlite and quasi-polygonal ferrite. Hot deformation could also strongly 
promote the acicular ferrite formation which was not formed in non-
deformation condition. Small boron addition effectively reduced the formation 
of pearlite and quasi-polygonal ferrite and broadened the cooling rate region 
from bainitic ferrite and martensite. Impurity boron segregates to grain 
boundaries and improves the grain boundary cohesive strength. This causes 
the mentioned effective suppression of pearlite and/or ferrite formation 
compared to other substitution elements. Microhardness of granular bainite 
varied from 220 to 250 HV, which resulted from high dislocation density and 
hard constituents. Transformation of these bainitic microstructures had both 
aspects of diffusional and shears mechanisms. It was suggested that granular 
bainite forms because carbon quickly diffuses away from the ferrite/austenite 
interface at relatively slow cooling rates, preventing the formation of 
cementite. The increased carbon content in the remaining austenite can 
stabilize austenite from further transformation, and this entrapment of residual 
austenite leads to granular bainite morphology. Shear mechanism for bainite-
like transformation was proposed to be more dominated as increasing cooling 
rates.  
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It was also found that the deformation causes the formation of acicular ferrite, 
pearlite, and quasi-polygonal ferrite, otherwise prevents the martensite 
compared to that of non-deformed condition. The corresponding 
transformation curves of deformed CCT moves toward left side compared to 
those of non-deformed CCT [97]. 
  
 
 
Chapter Two 
 
 
 
 
 
 
 
2 Experimental  
Ultra high strength steels are increasingly used in the automotive industry, due 
to their significantly improved strength. However, these ultra high 
strengthening mechanisms of UHSS leads to unacceptable high stresses during 
forming and remarkable spring-back phenomena, thus making traditional sheet 
metal forming technologies unsuitable. The possibility to perform stamping 
operations at elevated temperatures, i.e., press hardening, represents a solution 
of these problems, allowing lower loads on tools and higher accuracy of 
formed components. 
The aim of present research is to develop a general approach that will be able 
to offer accurate evaluations of the influence of process parameters on the 
properties of final ultra high strength steel sheets produced in press hardening 
operation. The stamping tests carried out in this research are run with ten 
grades of UHSS. In addition to direct hot stamping process, tests also carried 
out into cold stamping plus quench hardening processes to compare the 
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materials characteristics and formability. 
In the following sections, materials and press hardening process as well as 
micro structural and mechanical investigation methods are represented. 
2.1 Materials 
Ten types of ultra high strength steels have been investigated. The chemical 
compositions of the studied steels are given in Table 2. All of the mentioned 
steels are industrially processed. These steels, in as-received or as-treated 
condition, are listed in the ultra high strength steel grades. 
Table 2. Chemical compositions of investigated steels, mass%. 
Steel Thickness-mm C Si Mn Cr Ni Al Ti B N 
8MnCrB3 3.5 0.07 0.21 0.75 0.37 0.01 0.05 0.048 0.002 0.006
20MnB5 2.7 0.16 0.40 1.05 0.23 0.01 0.04 0.034 0.001 - 
22MnB5 1, 1.5, 2.8 0.23 0.22 1.18 0.16 0.12 0.03 0.040 0.002 0.005
27MnCrB5 3 0.25 0.21 1.24 0.34 0.01 0.03 0.042 0.002 0.004
37MnB4 3 0.33 0.31 0.81 0.19 0.02 0.03 0.046 0.001 0.006
MSW1200 1.5 0.14 0.12 1.71 0.55 0.06 0.02 0.002 0.000 - 
DP1400 1 0.19 0.55 1.61 0.02 0.05 0.04 0.003 0.000 0.006
DP1000 1.5 0.15 0.57 1.45 0.01 0.03 0.04 0.003 0.000 0.003
DP800 1 0.12 0.24 1.45 0.02 0.04 0.03 0.002 0.000 0.004
TRIP800 1 0.20 1.81 1.48 0.04 0.03 0.04 0.006 0.00 - 
2.2 CCT diagram design 
The Continuous Cooling Transformation (CCT) diagrams of four 8MnCrB3, 
22MnB5, 27MnCrB5 and 37MnB4 investigated steel grades have been 
produced by means of dilatometry tests, metallographic investigations and 
hardness measurements.  
A Baehr DIL 805 deformation dilatometer was used to measure critical 
temperature points, i.e., Ac1 and Ac3 as well as martensite start Ms and 
martensite finish Mf temperatures, Figure 23. 
The experimental procedure was to insert a cylindrical Specimen, Figure 23a, 
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in a vacuum chamber and fasten it between SiN2 anvils. Thanks to a resistance 
heating, sample is heated up to the austenization temperature for definite 
period of time. Molybdenum foils are used to prevent the specimen sticking to 
the anvils and glass powder is added for lubrication. The temperature is 
measured by a Pt/Pt-Rh10% thermocouple welded on the specimen. The 
atmosphere protected first by 10-6 bar vacuum and then argon and helium 
shower was employed for controlled cooling. The experimental setup is shown 
in Figure 23b. The relative accuracy of the dilatation measurement is of the 
order of 10-4. Temperature differences along the length and diameter of the 
sample are within 5 K. 
More detail about each CCT diagram will be explained later in result section. 
 
    
Figure 23 Experimental set-up, a) geometry of the sample, b) Baehr DIL 805 
deformation dilatometer and positioning of the sample. 
For other steel grades, a computer program for TTT/CCT prediction which is 
produced by Cambridge University was used. This program has been 
introduced just for steels and some assumptions must be cared. Overall 
alloying element concentration should be less than 5-6 wt.%. Minimum carbon 
concentration 0.03 (you can experiment, if problem occurs you will get time 
out error. Also if it is given zero carbon concentration, it will be assumed 0.01 
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wt. %). Cooling rate is changed in the range of minimum 0.01 K/s and 
maximum of 100 K/s. More information is given in [103] and [104]. 
2.3  Determination of the optimum austenization treatment 
As it is mentioned before, the first step in press hardening process is 
austenitization of the blanks. The target of austenization is producing fully 
homogene austenite without any remained undissolved carbides and also 
secondary phases. To this end, due to the thickness and chemical composition, 
the optimum time and temperature in the austenite region must be selected. 
Considering to the chemical composition and thickness, two temperatures 
beyond Ac3 as well as three different duration time for each temperature were 
examined. The austenization treatments were performed in a non-protected 
furnace. Then, micro-structural investigations and hardness measurements 
were carried out. Moreover, for the possible cases, primary austenite grain 
sizes were also measured. Finally, the optimum austenization time and 
temperature for studied steels was selected. The details for every steel grade 
will be come later. 
2.4  Hot and cold press hardening 
Hot stamping is a non-isothermal forming process for sheet metals, where 
forming and quenching takes place in one combined process step. Figure 24 
illustrates the cold and hot press hardening schedules in this research. In the 
hot press hardening, Figure 24a, corresponding to the steel grade, the blank 
was austenitized for 10-20min in non-protected atmosphere furnace at 
temperatures between 870°C-970°C. After having achieved a homogeneous 
austenitic microstructure, the blank was transferred to the water or nitrogen 
cooled die as quickly as possible -in 5-7 seconds- where forming and 
quenching takes place simultaneously. 
In cold stamping process, the blank was first cold stamped and then 
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transferred to the non-protected atmosphere furnace. After austenization, the 
blank was quenched by air or water, Figure 24b. 
         
Figure 24 Schematic of processes, a) Press hardening and b) cold stamping              
and quench hardening. 
2.5  Hot stamping facilities in IEHK 
The experimental set-up of hot stamping and one example stamped sample are 
shown in Figure 25. The press is a SCHENCK PEZ0673, with maximum press 
force of 1000 KN. The mold assembly includes water or nitrogen cooled 
punch and a non-cooled die. The die and the punch were made by 
X165CrMoV12 tool steel. The cooling system put just in the punch so that 
quenching is started as soon as forming begins. The furnace is a normal non-
protected atmosphere with maximum heating temperature of 1600°C. The 
samples are rectangular blanks, with length and width of 105×105mm with 
different thicknesses. The imposed stamp depth was 20 mm and the distance 
between the punch and the die before the tests was fixed to 20 mm. 
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Figure 25 Hot stamping facilities in IEHK including press, furnace and cooling 
system. 
2.6  Heat transfer evolution during press hardening 
Temperature evolution of the blank, the die and the punch during press 
hardening was recorded digitally by using a HOFFINGER BALDWIN 
MESSTECHNIK instrument.  
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For each steel three Pt/Pt-Rh10% thermocouples were used. One 
thermocouple was soldered to the die, 10mm beneath the contact surface. The 
other was soldered to the punch, 10mm above the contact surface. The third 
thermocouple was welded to the blank 20mm inside the blank. Every 0.2 
second, one temperature was recorded. 
The temperature recording set up including the electronic instrument as well 
as schematic representation of the thermocouples positioning is illustrated in 
Figure 26. 
 
 
 
Figure 26 Monitoring temperature evolution by using a) and b) HOFFINGER 
BALDWIN MESSTECHNIK instrument and c) contacting Pt/Pt-
Rh10% thermocouples to the blank, the die and the punch.  
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2.7 Metallographic evaluation 
After each treatment and process, micro-structural investigations were 
performed by using Light optical Microscopy (LOM) images. Unless 
mentioned otherwise Nital was used as etchant. For this etchant, ferrite 
appears as white, bainite appears light grey and martensite grey to black laths. 
Unfortunately, a clear separation of martensite and bainite was hard to get.  
With the aid of the image analysis system-“analysis 3.1”- of the company Soft 
Imaging System GmbH- the quantitative measurements of the phases have 
been done. Hence, the obtained LOM-images were digitalised by using image 
and colour contrasts.  
In some cases, primary austenite grain size (PAGS) were also measured. It is 
done by using hot picric acid (+50°C) as etchant  and standard number of DIN 
50601 [105]. If it was necessary, more investigations were carried out by using 
Scanning Electron Microscopy (SEM).  
All these investigations have been performed in IEHK Institute. 
2.8 Linear and surface hardness profiles 
The effect of heating and cooling processes on the hardness of formed sheets 
was considered by using Vickers hardness tests (HV0.8g) methods. These 
hardness tests were performed on polished samples by using a programmable 
hardness test machine, Figure 27. This machine can scan the surface of the 
samples and measure the hardness in each point.  
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Figure 27 The programmable hardness test machine which can scan the surface 
hardness of the sample.  
Figure 28 shows the schematic of the measured parts of deformed steel sheets. 
The rectangular samples taken from the base were used for investigation of 
surface hardness maps, and the linear samples taken from the edge were used 
for linear hardness profiles. The interval between each test point was 0.3mm. 
2.9 Tensile tests 
Determination of the mechanical characteristics were carried out using the 
tensile test for thin sheet metals as DIN 50114 [106] at room temperature. All 
tolerances refers to DIN ISO 2768 medium [107] . 
Specimen geometry and the position of taking the samples from the deformed 
blanks are shown in Figure 29. The measuring gauge length was 25 mm, 
which was adjusted by an accurate imaging system, thus the total elongation 
A25 was determined. 
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  (b)  
Figure 28 Schematic of the measured parts of deformed steel blanks;                           
a) hardness test samples cut from the edge and base of each formed 
blanks as well as sample geometry; b) two representative images of 
experimental samples for linear and surface hardness mapping. 
 
Figure 29 Schematic of the tensile test samples; three samples were cut from the 
base of each formed blanks; and tensile sample geometry as DIN 
50114 [106]. 
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The tests were carried out by a constant loading rate of 0.5 mm/min in the 
elastic region and followed by a constant rate of 10 mm/min in the plastic 
region. The tensile tests were performed by a Zwick/Z100 tensile testing 
machine with a maximum force of 100 KN [108] and with 0.5% accuracy, 
Figure 30.  With the aid of optical measurements, the localised necking area in 
a tensile test specimen can be monitored and the true stress-true strain curves 
up to fracture can be calculated. For the optical measurements, a video-
camera, a control monitor, a PC and special software was used. Details of the 
test procedure are given in [108] . The video-camera was adjusted with the aid 
of the control monitor. The system works with an image recording frequency 
of 24s-1. The video-processor converts the camera signals into numerical data, 
corrects the illumination inhomogeneity, compresses the grey-values and 
forwards all this information to the PC. The recorded pictures of the 
specimen’s reduction of area were saved in an image-processing program and 
are later used for the calculation of the true stress-true strain curve [109] . 
      
Figure 30 Tensile test facilities in IEHK; a) Zwick/Z100 tensile testing machine 
with CDI system; b) detail of the experimental set-up. 
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3 Results 
The scope of this chapter is to present the experimental results. Short 
discussions and conclusions will be drawn at the end of each section. 
For simplicity and to avoid confusion between the results of ten types of ultra 
high strength steel, the chapter is divided into seven sections. It means that the 
results of every steel grade including as-received characterisation, CCT 
diagram, cold and hot press hardening, microstructural changes, linear 
hardness and mechanical properties are represented in one section, 
individually.  
3.1  8MnCrB3 
3.1.1 As-received material characterization 
The industrially processed 8MnCrB3 hot rolled steel plates with the thickness 
of 3.5 mm as well as one small block from the end of the continuous casting 
slab were provided by Hoesch Hohenlimburg GmbH. The chemical analysis 
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of the steel is given in Table 2.  
Microstructure consists of 96 percent ferrite and 4 percent pearlite, Figure 31. 
The ferrite grain size is approximately 7.8μm. As it is seen ferrite grains 
appear white and pearlite in black. 
 
Figure 31 Microstructure of as-received 8MnCrB3 steel plate. 
The hardness in HV10 scale is 165. According to section 2.9 tensile tests were 
performed. The yield strength and ultimate tensile strength are 447 MPa and 
520 MPa, respectively.  
3.1.2 CCT diagram 
As stated previously, section 2.2, the CCT diagram of 8MnCrB3 steel has 
been produced, Figure 32. The samples were austenitized at 970°C for eight 
minutes. The circled numbers indicate the values of hardness in HV10 scale.  
For a heating speed of 200 K/min, the eutectoid reaction temperature Ac1 is 
735°C and the start temperature of primary ferrite to austenite transformation 
point Ac3 reaches 910°C. The martensite start temperature Ms is 530°C. It is 
seen that cooling rates higher than 17 °C/s results in bainite + martensite 
microstructure. It can be concluded that even at very high cooling rates; fully 
martensitic microstructure can not be achieved.  
Results  
 
 
62
 
Figure 32 CCT diagram of 8MnCrB3 steel. The samples were austenitized at 
970°C for eight minutes. 
3.1.3 Austenization treatment 
Due to the CCT diagram, two austenization temperatures of 950°C and 970°C 
were selected. For each austenization temperature three time periods of 10, 15 
and 20 minutes were chosen. Hardness values, microstructure content and 
primary austenite grain size are summarised in Table 3.  
Table 3. Characterizations of 8MnCrB3 steel after austenization treatment.  
Steel 
Thick 
-ness  
(mm) 
Austenization 
Temperature 
 (°C) 
Soaking 
time  
(min) 
Sample
 name HV10 Microstructure 
PAGS
DIN 
 [105]
As-received  8MnR 165 96F+4P  
10 8Mnx1 331 100B 11 
15 8Mnx2 307 100B 11 950 
20 8Mnx3 303 100B 11 
10 8Mny1 294 100B 11 
15 8Mny2 308 100B 11 
8MnCrB3 3.5 
970 
20 8Mny3 309 100B 11 
 
It can be seen from Table 3 and Figure 33 that all the conditions resulted in the 
same microstructure and the same hardness level. It is not so easy to 
distinguish between bainite and martensite in Light Optical microscopy 
(LOM) images, although the hardness values confirm that the phases must be 
bainite. 
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Figure 33 Microstructure of 8MnCrB3 steel after austenization at, a) 950°C for 
20min and b) 970°C for 10min. 
Primary austenite grain size (PAGS) were measured as described before, 2.7. 
The PAGS was 11 in the norm of DIN standard [105] which is approximated 
to the mean average diameter (dm) of 7.8μm. As a consequence, the 
temperature of 950°C and the time period of 10 minutes were chosen for 
austenization of this steel in the later examinations.  
3.1.4 Hot stamping 
Press hardening was performed in two ways. Firstly, the blanks were cold 
pressed and then quench hardened after keeping in 950°C for 10min and water 
quenching. Secondly, the blanks heated up to 950°C and kept for 10min and 
then transferred to the water or nitrogen cooled punch and die assembly. The 
transfer duration from furnace to the tools took about 4-7 seconds. 
Deformation started at temperatures around 860°C- 880°C. Figure 34 exhibits 
force evolution during cold and hot forming. The maximum force of 90 KN 
was applied. As is seen, it takes about 0.5 second that the punch reaches to 
blank and start forming. All the forming process takes about one second to 
finish. It is also seen that in cold stamping there is a jump in force level when 
the blank starts to deform but such effect in hot forming is negligible.  
Figure 35 illustrates temperature evolution of the blank, the die and the punch 
during hot stamping process. By using nitrogen coolant, the temperature of the 
punch kept cool at -50°C at the beginning of deformation. The cooling rate in 
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the range of initial deformation temperature and 200°C for both of water 
cooled and nitrogen cooled is the same value of 50 °C/s. Of course, the 
cooling rate in the limit of initial deformation temperature and martensite start 
temperature differs and is about 130 °C/s. 
In both cases, water or nitrogen cooled punch, the temperature of the die and 
the punch rise to about 100°C. In the case of water cooling of the punch, the 
temperature of the die increased more than punch. 
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Figure 34 Force evolution during stamping processes, WC = water cooled and 
NC = Nitrogen cooled. 
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Figure 35 Temperature evolution of blank, die and punch during hot stamping, 
a) Water cooled punch and b) Nitrogen cooled punch. 
3.1.5 Microstructural evaluation 
Light optical and scanning electron microscopy images of cold and hot 
stamped blanks are represented in Figure 36. Upper bainite needles can be 
recognized in hot stamped images very well. However, resulted bainite after 
quench hardening has different morphologies. They are combination of 
polygonal bainite and upper or lower bainite, see 1.6.2. Due to CCT diagram, 
by using high speed cooling rates, the microstructure may consists of bainite 
Results  
 
 
66
and martensite. Presence of martensite by using LOM and SEM images could 
not be recognized. More investigations would be possible by using TEM or 
higher resolution SEM techniques. 
   
   
   
Figure 36 Light optical and scanning electron microscopy images of 8MnCrB3 
steel in a and b) hot stamped using water cooled punch, c and d) hot 
stamped with nitrogen cooled punch, e and f) cold stamping plus 
water quench hardening. 
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3.1.6 Linear and surface hardness profiles 
The details of hardness measurements in HV0.8g explained in section 2.8. For 
each linear hardness profile about 230 points were measured. It is seen that the 
mean value of hardness for cold stamping plus quench hardened blank is more 
than two other hot stamped parts. It might be due to the morphology of 
granular bainite resulted after quench hardening. By the way, it is concluded 
that hot stamping does not alter the hardness values of as-delivered 8MncrB3 
steel or simply the raise in hardness values by hot stamping are not 
remarkable. 
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Figure 37 Linear hardness profiles of 8MnCrB3 steel sheets. The distance 
between each measured point is 0.3 mm, section 2.8 and Figure 28. 
The numbers indicate the mean value of hardness.      
The surface hardness map of  hot stamped by water cooling media sample as 
well as cold stamped plus quench hardened sample are illustrated in Figure 38. 
Due to the hardness levels, it can be concluded that the samples are fully 
bainitic. But, owing to the heterogeneous distribution of carbon and also 
contacts conditions, surface hardness maps are not uniform. It can be 
explained by formation of lower or upper bainite as well as polygonal bainite 
in different regions. 
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Figure 38 The surface hardness maps corresponding to a) hot stamping by using 
water cooled punch and b) cold stamping plus quench hardened 
sample. 
3.1.7 Mechanical properties 
Tensile tests were performed as explained in section 2.9. Mechanical 
properties of 8MnCrB3 steel before and after stamping are summarised in 
Table 4. 
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Table 4. Mechanical properties of 8MnCrB3 steel in various conditions of 
stamping. 
Steel Condition E-Module GPa 
Rp0.2
 MPa
Rm 
MPa
Au 
% 
A25 
% n 
as-received 223 447 520 12.2 28.5 0.07 
hot stamp-WCP 235 751 882 2.4 9.5 0.06 
hot stamp-NCP 221 777 905 2.2 9.7 0.06 8MnCrB3 
cold stamp+ WQH 174 671 840 3.0 11.2 0.08 
WC- Water cooled punch; NC- Nitrogen cooled punch;  
WQH- Water Quench hardened 
 
It is seen that the higher yield and ultimate tensile strength achieved after hot 
stamping in which the punch is cooled by nitrogen. For better comparison, the 
flow curves of above mentioned samples are represented in Figure 39. 
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Figure 39 True stress-True strain curves of 8MnCrB3 in different conditions. 
It is concluded that hot stamping processes whether in which water or nitrogen 
was used as cooling circuit alter the flow curves of as-received sheets very 
much. Instead, the ductility has been lowered as well. Higher cooling rates by 
using water quench hardening not only did not result in the highest strength 
but also exhibited the lowest in comparison to the hot stamped samples. So, an 
optimized cooling rate should be selected to have better results. 
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3.2 20MnB5 
3.2.1 As-received material characterization 
This steel grade is industrially processed by ThyssenKrupp Company and 
delivered by thickness of 2.7mm. The chemical composition is given in Table 
2. The microstructure consists of 75% ferrite and 25% pearlite, Figure 40. The 
ferrite grains (dm) are smaller than 3.9μm.   
 
Figure 40 Microstructure of as-received 20MnB steel exhibits 75 percent ferrite 
and 25 percent pearlite. 
The mean hardness value in HV10 scale is 214. The yield and ultimate tensile 
strengths are 505 MPa and 637 MPa, respectively. 
3.2.2 CCT diagram        
The CCT diagram was predicted and plotted by using TTT/CCT diagram 
simulator, section 2.2. As can be seen the martensite start temperature (Ms) is 
about 450°C, Figure 41. It is also estimated that by cooling rates higher than 
35°C/s, fully martensitic microstructure can be achieved. 
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Figure 41  Predicted CCT diagram of 20MnB5 boron steel. 
3.2.3 Austenization treatment 
The same as mentioned in section 3.1.3, austenization were performed at two 
temperatures of 900°C and 950°C and three time periods of 10, 15 and 20 
minutes. 
Hardness values, microstructure content and primary austenite grain size 
(PAGS) are summarised in Table 5. The PAGS change between 5.5μm (11-
[105]) to 7.8μm (12-[105]).   
As a result, the temperature of 950°C and the soaking time of 10 minutes were 
chosen for later hot forming experiments. 
Table 5. Material characterization of 20MnB5 steel after austenization 
treatment. 
Steel 
Thick
-ness
(mm)
Austenization
Temperature 
(°C) 
Soaking
time 
(min) 
Sample
name HV10 Microstructure 
PAGS 
 DIN 
[105]
As-received  365R 214 75F+25P  
10 365x1 473 100M 11-12
15 365x2 460 100M 11-12900 
20 365x3 455 100M 11-12
10 365y1 454 100M 11-12
15 365y2 437 100M 11-12
20MnB5 2.7 
950 
20 365y3 449 100M 11-12
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3.2.4 Hot stamping tests 
The hot stamping and cold stamping plus quench hardening experiments were 
carried out. The process parameters and temperature evolution of the blank 
and the die and the punch were roughly the same, as mentioned before, 3.1.4. 
3.2.5 Microstructural evaluation 
After quench hardening and hot stamping, ferritic and pearlitic microstructure 
transformed to martensite, Figure 42. Nevertheless, some bainite can be 
recognized in the hot stamped samples using water cooled punch. 
      
Figure 42 Microstructure of 20MnB5 steel consists of lath martensite after       
hot stamping; a) water cooled punch and b) Nitrogen cooled punch. 
3.2.6 Linear hardness 
Linear hardness of 20MnB5 steel in different process conditions are illustrated 
in Figure 43. Nitrogen cooling of the punch to the cryogenic temperature of 
about -50°C and water cooling circuit results in the same hardness level. The 
mean hardness values of hot stamped samples are by about 100 HV0.8 less than 
the mean hardness value of water quenched sample. It implies that the latter 
assumption about the possibility of bainite presence in the final microstructure 
might be acceptable.  
 
Results  
 
 
73
0 10 20 30 40 50 60 70
0
100
200
300
400
500
600
700
800
A - Cold stamping+950°C,10min+WQH
B - 950°C,10min+Hot stamping-NCP
C - 950°C,10min+Hot stamping-WCP
D - As-received
A-530
C-432B-422
 
 
H
ar
dn
es
s (
H
V
0.
8)
Distance (mm)
D-220
20MnB5
 
Figure 43 Linear hardness of 20MnB5 steel in different conditions.                     
Interval between each measuring point is 0.3mm. 
3.2.7 Mechanical properties 
Tensile tests were performed as represented in section 2.9. The main 
mechanical properties are summarised in Table 6. It is seen that the best 
combination of ultra high strength and ductility is achieved by cold stamping 
plus quench hardening treatment.  
Table 6. Mechanical properties of 20MnB5 steel in different stamping 
conditions. 
steel Condition 
E- 
Module 
GPa 
Rp0.2
MPa
Rm 
MPa
Au 
% 
A25 
% n 
as-received 200 505 637 11.8 16.8 0.09
hot stamp-WCP 221 967 1354 3.1 4.7 0.13
hot stamp-NCP 217 992 1350 2.7 7.6 0.1220MnB5 
cold stamp+ WQH 241 1060 1448 3.8 8.9 0.11
WCP- Water cooled punch; NCP- Nitrogen cooled punch;  
WQH- Water quench hardened 
 
These results can be compared better by looking at the flow curves which are 
plotted in Figure 44. 
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Figure 44 True stress-True strain curves of 20MnB5 steel in different stamping 
modes. 
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3.3 22MnB5 steel grade 
This steel grade is the most common steel grade used in hot stamping 
processes. Many companies use this grade with different trade names such as 
BTR165, Usibor 1500 and so on. In the present research, most of the 
experiments and investigations were focused on this grade. The sheets with the 
thickness of 1mm, 1.5mm and 2.8mm were considered. 
3.3.1 As-received characterization 
The industrially processed sheets with different thicknesses of 1mm, 1.5mm 
and 2.8mm was delivered by ThyssenKrupp Company. The chemical 
composition of the steel is given in Table 2. Microstructure consists of 73-77 
percent ferrite and remained is pearlite. Two LOM images are represented in 
Figure 45. The ferrite grain size (dm) in the sheets with 1mm thickness is 
approximately 11μm and in 2.8mm sheets is about 7.8μm. It is seen that in 
thinner sheets pearlite is located in grain boundaries of ferrites while in the 
thicker blanks they are elongated in the rolling direction as individual regions.  
The hardness ranges between 170-200 HV. The mechanical properties will be 
given later. 
    
Figure 45 Light Optical Microscopy of as-received 22MnB5 steel in rolling 
direction with different thicknesses of a) 1mm and b) 2.8mm. 
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3.3.2 CCT diagram 
As stated previously, section 2.2, the CCT diagram of 22MnB5 steel has been 
produced, Figure 46. The samples were austenitized at 900°C for five minutes. 
The circled numbers indicate the values of hardness in HV10 scale.  For a 
heating speed of 200 K/min, the eutectoid reaction temperature Ac1 is 720°C 
and the start temperature of primary ferrite to austenite transformation point 
Ac3 reaches 880°C. The martensite start temperature Ms is 410°C. It is seen 
that cooling rates higher than 25°C/s result in fully martensitic microstructure. 
The lowest cooling rates result in ferritic-pearlitic microstructure.  
The predicted CCT and TTT diagram of this steel grade was also simulated 
and presented in Figure 46b. It can be seen that the Ms temperature as well as 
the critical cooling rates to get fully martensitic microstructures are in good 
agreement with each other. 
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Figure 46 The CCT diagrams of 22MnB5 steel: a) produced experimentally and 
b) predicted by TTT/CCT diagram simulator. 
3.3.3 Austenization treatment 
Due to CCT diagram, the sheets with different thicknesses were austenitized at 
900°C and 950°C for various periods of times. The list of experiments and 
material characterisation after austenization treatments are given in Table 7. 
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Table 7. The list of experiments and material characterizations for 
austenization treatment of 22MnB5 steel. 
Steel 
Thick
-ness
(mm)
Austenization
 Temperature
 (°C) 
Soaking
Time 
(s) 
Sample  
name 
Hardness 
 HV10 
Microstructure
PAGS 
DIN 
[105]
as-received  22MnaR 170 75F+25P  
10 22Mnax1 446 100M  900 15 22Mnax2 537 100M 6&8 
5 22Mnay1 450 100M  
1.0 
950 10 22Mnay2 580 100M 6 
as-received  22MnbR 177 75F+25P  
10 22Mnbx1  100M  900 15 22Mnbx2 526 100M  
5 22Mnby1  100M  
1.5 
950 10 22Mnby2  100M  
as-received  22MncR 220 75F+25P  
10 22Mncx1 514 100M 12 
15 22Mncx2 530 100M 12 900 
20 22Mncx3 510 100M 11-12
10 22Mncy1 515 100M 11-12
15 22Mncy2 527 100M 11-12
22MnB5 
2.8 
950 
20 22Mncy3 460 100M 11-12
 
Primary austenite grain size (PAGS) was measured according to DIN 50601 
[105]. Two typical light optical images related to primary austenite grain 
boundaries (PAGB) are represented in Figure 47.  
     
Figure 47 Primary austenite grain boundary (PAGB) of 22MnB5-1mm steel 
after austenization at a) 900°C, 15min and b) 950°C, 10min. 
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Corresponding to the above mentioned results, for the following stamping 
experiments, the time and temperature schedules of 900°C–15min and 950°C–
10min for 1mm and 1.5mm blanks and 950°C–15min for 2.8mm sheets were 
chosen.  
3.3.4 Hot stamping 
As stated previously, sections 2.4 and 2.5, hot stamping and cold stamping 
plus quench hardening experiments were performed on the blanks with 
different thicknesses of 1m, 1.5mm and 2.8mm. The sheets with 1mm and 
1.5mm thickness were austenitized at 950° for 10 minutes and at 900°C for 15 
minutes. The thicker blanks, 2.8mm, were heat treated at 950°C for 15 
minutes. These treatments were applied not only for hot stamping experiments 
but also for cold stamping plus quench hardening experiments. With the 
exception of thickest blanks, the other blanks quench hardened by water as 
well as by air. For the case of nitrogen as a coolant, the punch was cooled to -
50°C. A typical force-time diagram for the thickest blank, 2.8mm, in various 
conditions of stamping is represented in Figure 48. 
The main problem in laboratory hot stamping experiments in the present 
research is the manual transfer of hot blanks form the furnace to the tools. It 
causes different duration times in which the blank is air cooled. Due to this 
problem, there are different initial deformation temperatures which affect the 
cooling rate in the mould and probably phase transformations which take place 
during cooling. 
Some of the diagrams related to temperature evolution of the tools are 
illustrated in Figure 49. The above mentioned problem can be seen in the 
following diagrams. For instance, for the blank with 1mm it took about 8 
seconds, Figure 49a, while for the blank with 2.8mm this transfer period of 
time took about 5 seconds, Figure 49d. This fact will definitely affect the later 
phenomena like the phase transformations and the cooling rates. Besides, the 
reproducibility of the process would be a challenge.   
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Figure 48 Force evolution for 22MnB5 – 2.8mm during stamping processes, WC 
= water cooled and NC = Nitrogen cooled. 
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Figure 49 Temperature evolution during hot stamping processes; a and b) 
22MnB5-1mm-water or nitrogen cooled punch, respectively, c) 
22MnB5-1.5mm-nitrogen cooled punch and d) 22MnB5-2.8mm-water 
cooled punch. 
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3.3.5 Microstructural evaluation 
The quantitative and qualitative measurements of present phases in the 
stamped blanks have been done by LOM and SEM techniques, section 2.7. 
The results are summarized in Table 8. 
Table 8. The phase fractions of 22MnB5 steel after stamping processes. 
Process Thickness (mm) Treatment 
Martensite 
% 
Bainite  
% 
Ferrite  
% 
Pearlite 
% 
900ºC, 15’ 
+AQ 2 98   
900ºC, 15’ 
+WQ 100    
950ºC, 10’ 
+AQ  98  2 
1.0 
950ºC, 10’ 
+WQ 100    
900ºC, 15’ 
+AQ  94 4 2 
900ºC, 15’ 
+WQ 100    
950ºC, 10’ 
+AQ  98  2 
1.5 
950ºC, 10’ 
+WQ 100    
Cold 
stamping   
+  
quench 
hardening 
2.8 950ºC, 15’ +WQ 100    
900ºC, 15’-WCP 80 20 <1  
950ºC, 10’-WCP 100 <1   1.0 
950ºC, 10’-NCP 100 <1   
900ºC, 15’-WCP 98 2 <1  
950ºC, 10’-WCP 98 2 <1  1.5 
950ºC, 10’-NCP 96 4   
950ºC, 15’-WCP 100    
Hot 
stamping 
2.8 
950ºC, 15’-NCP 97 3   
 
WQ-Water quench; AQ-Air quench;                                     
WCP - Water cooled punch; NCP - Nitrogen cooled punch. 
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Some selected LOM and SEM images corresponding to hot and/or cold 
stamped samples are represented in Figure 50 and Figure 51. For better 
identification of phases, the SEM images are given in negative format.  
           
   
   
Figure 50 Light optical and scanning electron microscopy images of hot stamped 
blanks; a and b) 22MnB5-1mm-950ºC, 10’-hot stamping-WCP; c and 
d) 22MnB5-1.5mm-950ºC, 10’-hot stamping-WCP; e and f) 22MnB5-
2.8mm-950ºC, 15’-hot stamping-WCP. 
It is seen that hot stamping of the blanks regardless of the thickness resulted in 
almost fully martensitic microstructure. The martensite laths or packets are 
Results  
 
 
83
small. Isolated islands of bainite can be easily distinguished in Figure 50d. In 
contrast to martensite morphology after hot stamping, cold stamping plus 
water quench hardening resulted in large martensite needles which oriented in 
different angles. It is evident that air cooling is a weaker cooling media. It is 
seen that the cooling rate was not high enough for martensitic transformation. 
As a result, the microstructure converted to fully bainitic after air cooling, 
Figure 51c and d. 
   
   
Figure 51 Light optical microscopy images of cold stamped plus quench 
hardened samples; a) 22MnB5-1mm- cold stamping +950ºC,10’+WQ; 
b) 22MnB5-1.5mm- cold stamping +950ºC, 10’+WQ; c) 22MnB5-
1mm- cold stamping +950ºC, 10’+AQ; d) 22MnB5-1.5mm- cold 
stamping +950ºC, 10’+AQ. 
It must be pointed that the microstructure of hot stamped parts are not 
homogeneous along the sample geometry. This is due to the lack of similar 
boundary conditions and contacts between the blank and the mould assembly 
which cause different heat transfer rates. This inhomogeneity can be seen even 
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along the thickness because the blank from the upper side is contacted with the 
water or the nitrogen cooled punch and from the bottom is contacted with the 
not cooled die. Some images regarding to inhomogeneity phenomena in hot 
stamped samples along the half of the cross section are given in Figure 52. It is 
seen that however the microstructure in the base of the blank is fully 
martensite while some bainite can be found in the upper corner side of the 
blank. Meanwhile, this fact takes place along the thickness of the blank. 
Figure 53 demonstrate the inhomogeneity along the thickness in the hot 
stamped 22MnB5-1mm. The upper side of the blank in contact with the  water 
cooled punch resulted in approximately fully martensitic microstructure while 
the lower surface in contact with the not cooled die resulted in martensitic - 
bainitic microstructure. This inhomogeneity will be also considered by using 
linear and surface hardness mapping in section 3.3.6. 
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Figure 52 Microstructure inhomogeneity along the hot stamped 22MnB5-1mm 
sample. The blank was austenitized at 900°C for 15 minutes. 
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Figure 53 Microstructure inhomogeneity along the thickness of hot stamped 
22MnB5-1mm sample. The blank is austenitized at 950°C for 10 
minutes; a) the upper side of the blank in contacts with the punch and 
b) the lower side of the blank in contact with the die. 
3.3.6 Linear and surface hardness profiles 
As mentioned previously, section 2.8, the linear hardness and surface hardness 
measurements were carried out by Vickers hardness in the HV0.8g scale. The 
interval between each measuring points was fixed to 0.3mm. The collections 
of linear hardness of 22MnB5 steel with different thicknesses and in various 
conditions are plotted in Figure 54 and Figure 55. 
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Figure 54 The comparison between the linear hardness values of hot stamped 
samples. 
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Figure 55 Linear hardness of 22MnB5 steel in various conditions; a) 1.5mm and 
b) 2.8mm. 
The surface hardness mapping is a novel technique which gives the best 
possibility to consider the microstructure as well as the homogeneity of 
microstructure. Each phase has its own hardness range hence, the hardness 
values or limits can be criteria to recognize quantitatively and qualitatively the 
presence of different phases. For instance, distinguish between bainite and 
martensite by LOM techniques is not so easy. But it is well known that they 
have different hardness ranges. As a consequent, by this method, one can 
specify each phase by its own hardness range. It is noteworthy to mention that 
by this range of force (0.8g) and interval (0.3mm), every hardness number is a 
result of an individual phase. Consequently, it can be concluded that this 
technique is a reliable method. Some selected surface hardness maps are 
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illustrated in Figure 56 and Figure 57. 
For each surface hardness measurements an area of at least 10mm×10mm was 
scanned. In this regards, for each map approximately 1000 points were 
measured.   
 
 
Figure 56 The surface hardness maps of 22MnB5-1.5mm after; a) Cold stamping 
+ 950°C-10min + WQH; b) 900°C-15min + Hot stamping, WCP.  
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Figure 57 The surface hardness map of 22MnB5-2.8mm; a) As-received 
condition; b) Cold stamping + 950°C-15min + WQ; c) 950°C-5min + 
Hot stamping, WCP; d) 900°C-15min + Hot stamping, NCP. 
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3.3.7 Mechanical properties 
Tensile tests were performed to study the mechanical properties. The details 
are the same as mentioned before in section 2.9. For each condition, three 
experiments were examined. The mean values of experimental results are 
given in Table 9. The collection of the true stress in terms of true strain flow 
curves are also illustrated in Figure 58. 
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Table 9. Mechanical properties of 22MnB5 steel after different stamping 
conditions. 
Process 
Thick 
-ness 
(mm) 
Treatment 
E- 
Module
GPa 
Rp0.2 
MPa 
Rm 
MPa 
Au 
% 
A25 
% 
900ºC, 15’ 
+AQ 200 536 748 6.5 11.7
900ºC, 15’ 
+WQ 186 1147 1525 2.3 3.2 
950ºC, 10’ 
+AQ 204 574 770 6.2 10 
1.0 
950ºC, 10’ 
+WQ 243 1060 1590 2.4 3.8 
900ºC, 15’ 
+AQ 192 512 712 7.3 13.9
900ºC, 15’ 
+WQ 210 1202 1647 2.4 4.5 
950ºC, 10’ 
+AQ 197 537 757 8.0 15.7
1.5 
950ºC, 10’ 
+WQ 224 1195 1607 2.2 4.2 
Cold 
stamping 
+  
quench 
hardening 
2.8 950ºC, 15’ +WQ 208 1250 1649 2.8 8.1 
900ºC, 15’-WCP 198 987 1397 2.6 3.8 
950ºC, 10’-WCP 198 1024 1418 2.6 3.7 1.0 
950ºC, 10’-NCP 188 1076 1413 1.7 2.1 
900ºC, 15’-WCP 194 1035 1485 3.4 6.7 
950ºC, 10’-WCP 210 1010 1478 3.4 6.3 1.5 
950ºC, 10’-NCP 176 1075 1480 3.2 5.4 
950ºC, 15’-WCP 241 987 1493 3.6 8.1 
Hot 
stamping 
2.8 
950ºC, 15’-NCP 211 1050 1490 3.2 7.4 
 
WQ-Water quench; AQ-Air quench;                              
WCP - Water cooled punch; NCP - Nitrogen cooled punch. 
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Figure 58 True stress versus true strain flow curves of 22MnB5 in different 
stamping conditions and thicknesses of; a) 1mm; b) 1.5mm; c) 2.8mm 
blanks. 
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It is also noteworthy to consider the effect of thickness on flow stress and 
mechanical properties. The evolution of the flow stress in terms of the 
thickness in two conditions in which the punch is water cooled or nitrogen 
cooled are represented in Figure 59. It is seen that in both cases-water or 
nitrogen cooled punch- the ductility as well as the ultimate tensile strength 
level is increased as the thickness is raised. These differences on ductility are 
more pronounced than tensile strength-specially in the case of nitrogen cooled 
punch.  By using nitrogen as coolant, the maximum strain in 1mm sheet is 
about 1.7% while this value for 1.5mm and 2.8mm is about 3.2%. 
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Figure 59 The comparison between the flow stresses of 22MnB5 processed by 
hot stamping; a) water cooled punch and b) nitrogen cooled punch. 
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As mentioned in the literature, the ability of a material to have both a good 
ductility or formability and a high strength is best quantified with the TS×A80 
[60]. The mechanical properties and also TS×A25 of 22MnB5 steel with 
different thicknesses are illustrated in Figure 60. In this figure, not only the 
mechanical properties are compared but also the formability index of the steel 
in different thicknesses is demonstrated. It is seen however the variation of 
yield and tensile strength by thickness are not very sensitive but the 
formability index variations are very considerable. This factor by increasing 
the thickness from 1mm to 2.8mm is approximately doubled.  
 
Figure 60 Mechanical properties of 22MnB5 steel after hot stamping process. 
The results are separated by thickness. NCP- Nitrogen cooled punch; 
WCP- Water cooled punch. 
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3.4 27MnCrB5 
This grade of steel as the plates with the thickness of 3mm was provided by 
Hoesch Hohenlimburg Company. The commercial name of the steel is 
HLB27. The chemical analysis of the steel is given in Table 2.   
3.4.1 As-received characterization 
The microstructure of industrially processed 27MnCrB5-2 steel consists of 30 
percent pearlite and 70 percent ferrite, Figure 61. The ferrite grain size (dm) is 
approximately 5.5μm. The yield strength of as-received steel is 485 MPa and 
the tensile strength raise to 642 MPa. The magnitude of elongation is limited 
to 23.7%.  
 
Figure 61 Microstructure of as-received 27MnCrB5 steel in rolling direction.   
3.4.2 CCT diagram design 
The principles of the CCT diagram designation is reported before, section 2.2. 
For this steel grade the austenization temperature was fixed at 880°C and the 
samples were heated for eight minutes. For a heating speed of 200 K/min, the 
eutectoid reaction temperature Ac1 is 730°C and the start temperature of 
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primary ferrite to austenite transformation point Ac3 reaches 820°C. The 
martensite start temperature Ms is 400°C. It is seen that with cooling rates 
higher than 20°C/s, the fully martensitic microstructure is achieved. The 
lowest cooling rates result in ferritic – pearlitic microstructure which is in 
good agreement with as-received results. Figure 62 illustrates the CCT 
diagram of investigate steel. 
 
 
Figure 62 The CCT diagram of 27MnCrB5 steel. The samples were austenitized 
at 880°C for eight minutes. 
3.4.3 Austenization treatment 
Two temperatures of 870°C and 900°C in which the first is 50°C and the 
second is 80°C above the Ac3 critical temperature were chosen for 
austenization. The same as done for other steel grades, for each austenization 
temperature three soaking time were examined. The material characterization 
after austenization treatments is given in Table 10. 
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Table 10. Material characterization after austenization treatment. 
Steel 
Thick 
-ness 
(mm) 
Austenization
Temperature 
(°C) 
Soaking
time 
(min) 
Sample
name HV10 Microstructure
PAGS
DIN 
[105]
As-received  27MnR 165 70F+30P  
10 27Mnx1 546 100M 12 
15 27Mnx2 523 100M 12 870 
20 27Mnx3 538 100M 12 
10 27Mny1 533 100M 12 
15 27Mny2 527 100M 12 
27MnCrB5 3.0 
900 
20 27Mny3 554 100M 12 
 
It is seen that all the austenization treatments result in fully martensitic 
microstructure with different hardness levels. The highest hardness level is 
achieved by heat treating at 900°C for 20 minutes. Consequently, later 
experiments have been austenitized at these time and temperature. Two typical 
microstructure of investigated steel are given in Figure 63. 
 
    
Figure 63 Fully martensitic microstructure for 27MnCrB5 after austenization at; 
a) 870°C for 10min and b) 900°C for 20min. 
By using acid picric as etchant, the treated samples were etched and the 
primary austenite grain boundaries were revealed and measured. Primary 
austenite grain size of all the samples after austenization was about 5.5μm (12-
[105]). Two images corresponding to the austenite grain boundaries of 
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represented images in Figure 63 are given in Figure 64. In primary austenite 
grain boundary of the sample after heat treating at 870°C for 10min, the 
footprints of pearlite layers along the rolling direction can be detected, Figure 
64a. It might be due to inhomogeneity austenization treatment in which 
pearlite was not fully dissolved. 
    
Figure 64 Austenite grain boundary of heat treated 27MnCrB5 steel after 
austenitization at; a) 870°C for 10min and b) 900°C after 20min. 
3.4.4 Hot stamping 
Two types of stamping tests were performed. Firstly, some of the blanks were 
cold stamped and then after austenization at 900°C for 20 minutes, quench 
hardened by water. Secondly, some other blanks were austenitized at the 
mentioned austenization schedule and then rapidly were hot stamped. It was 
attempted that the transfer process was as quickly as possible. The force and 
temperature evolution of the mentioned steel during hot stamping, in which 
the punch is kept cool by water coolant, is represented in Figure 65.  Due to 
heat transfer between the hot blank and the die and the punch, the temperature 
of the die which has no coolant is raised by about 100°C and for the punch is 
increased to maximum 80°C. These increment levels can not influence the 
material properties during hot stamping process. The cooling rate in the 
temperature range of initial deformation temperature, 800°C, and the 
martensite finish temperature Mf, is about 70°C/s. This cooling rate is 
approximately double of the minimum cooling rate value, 30°C/s, to get fully 
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martensitic microstructure. The maximum force value is about 52KN. In case 
of nitrogen cooled punch, at the beginning of deformation the punch was kept 
cool at -60°C. 
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Figure 65 Force–temperature evolution during hot stamping of 27MnCrB5 steel.  
3.4.5 Microstructural evaluation 
Light optical (LOM) and scanning electron (SEM) microscopy investigations 
were carried out. Some selected images after stamping of 27MnCrB5 steel are 
illustrated in Figure 66. 
It is seen that all types of stamping experiments resulted in fully martensitic 
microstructure but with different martensite morphologies. Hot stamping of 
the blanks by using water as coolant yielded coarse martensite needles. In 
contrast, hot stamping by using nitrogen cooled punch and cold stamping plus 
water quench hardening resulted in finer martensite laths and packets.  
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Figure 66 Light optical and scanning electron microscopy images of hot stamped 
27MnCrB5 blanks; a & b) 900ºC, 20’-hot stamping-WCP; c & d) 
900ºC, 20’-hot stamping-NCP; e & f) Cold stamping-900ºC, 20’+WQ. 
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3.4.6 Linear and surface hardness profiles 
The details of linear and surface hardness measurements are illustrated in 
section 2.8. The hardness values along the half of the cross section of the 
stamped samples are given in Figure 67. There are many fluctuations in the 
hardness values of hardened steel while the results of as-received blanks have 
less fluctuation.  
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Figure 67 Linear hardness values along the half of the cross section of                  
27MnCrB5 steel in different stamping conditions. 
These hardness fluctuations would be due to non-uniform distribution of 
carbon in the primary austenite and as a result in the created martensite. For 
better explanation of the microstructure homogeneity, the surface hardness 
map of the mentioned steel after different stamping experiments are 
represented in Figure 68. 
It is seen that hardness levels after quench hardening are higher than the levels 
of hardness after hot stamping experiments. It implies that increasing the 
cooling rates during hot stamping could result in higher hardness levels as well 
as finer martensite packets. 
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Figure 68 The surface hardness maps of 27MnCrB5 steel after; a) 900ºC, 20’-hot 
stamping-WCP; b) 900ºC, 20’-hot stamping-NCP; c) Cold stamping-
900ºC, 20’+WQH. 
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3.4.7 Mechanical properties 
For every stamping condition, three blanks were punched and one of them was 
chosen for tensile test. As described in 2.9, three tensile samples were cut from 
the base section of stamped blanks. The results of mechanical characterization 
of the investigated steel are listed in Table 11. 
Table 11. Mechanical properties of 27MnCrB5 steel in different process 
conditions. 
Steel Condition E-ModuleGPa 
Rp0.2
MPa
Rm 
MPa
Au 
% 
A25 
% n 
as-received 227 478 638 12.6 23.8 0.11
hot stamp-WCP 237 1097 1611 2.8 4.0 0.15
hot stamp- NCP 188 1137 1630 3.3 5.9 0.1427MnCrB5-2
cold stamp+ WQH 192 1256 1695 2.2 2.4 0.14
WCP- Water cooled punch; NCP- Nitrogen cooled punch; 
 WQH- Water quench hardening 
 
The flows of true stress versus true strain of the steel in the various stamping 
procedures are also plotted in Figure 69.  It can be summarized that hot 
stamping by using nitrogen cooled punch results in higher strength levels as 
well as higher ductility. 
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Figure 69 The flow of true stress versus true strain of 27MnCrB5 after stamping 
experiments. 
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3.5 37MnB4 
3.5.1 As-received material characterization 
The industrially processed plates of 37MnB4 with the Hoesch trademark of 
HLB37 were provided by Hoesch Hohenlimburg GmbH. This company is 
affiliated to ThyssenKrupp Steel Company. The thickness of the plates is 
3mm.  
The chemical analysis of the steel is given in Table 2. The microstructure 
consists of about 53 percent pearlite and 47 percent ferrite. The size of ferrite 
grains are about 5.5μm. The hardness in the scale of HV10 is about 220. One 
example light optical microscopy image corresponding to the 37MnB4 along 
the rolling direction in the 1000X magnification is observed in Figure 70. The 
polished sample was etched by Nital. 
 
Figure 70 Light optical microscopy image of as-received 37MnB4 steel. 
As a result of tensile tests, the yield and ultimate strength of the mentioned 
steel is 580 MPa and 810 MPa, respectively. The magnitude of A25 was about 
20.0%. The details of tensile tests are explained in 2.9.  
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3.5.2 CCT Diagram 
The CCT diagram was predicted and plotted by using TTT/CCT diagram 
simulator, section 2.2. As can be seen the martensite start temperature (Ms) is 
about 350°C. It is also estimated that by cooling rates higher than 14°C/s, fully 
martensitic microstructure can be achieved. 
 
 
Figure 71 The CCT diagram of 37MnB4 steel. The samples were austenitized at 
900°C. 
3.5.3 Austenization treatment 
The austenization process of this steel grade was completely the same as 
performed for 27MnCrB5-2, section 3.4.3. The material characterizations after 
austenization are presented in Table 12. 
Two light optical microscopy images of 37MnB4 steel after austenization are 
observed in Figure 72.  
Due to microstructure investigations and hardness values, the temperature of 
900°C and the soaking time of 10 minutes were chosen for austenization of the 
blanks.  
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Table 12. Material characterization of 37MnB4 after austenization treatments. 
Steel 
Thick
-ness
(mm)
Austenization
Temperature 
(°C) 
Soaking
time 
(min) 
Sample 
name HV10 Microstructure 
PAGS 
 DIN 
[105]
As-received  37MnR 222 47F+53P  
10 37Mnx1 665 100M 11-12
15 37Mnx2 674 100M 11-12870 
20 37Mnx3 682 100M 11-12
10 37Mny1 690 100M 11-12
15 37Mny2 668 100M 11-12
37MnB4 3.0 
900 
20 37Mny3 668 100M 11-12
 
   
Figure 72 Light optical microscopy image of 37MnB4 after austenization at; a) 
870°C for 10min and b) 900°C for 10min.                 
3.5.4 Hot stamping 
The same cold and hot stamping experiments as mentioned for 27MnCrB5 in 
section 3.4.4 have been performed. The force evolution of 37MnB4 during 
cold and hot stamping experiments are plotted in Figure 73 and the evolution 
of temperature in the blank, in the die as well as in the cooled punch are 
presented in Figure 74. 
Nitrogen was used as a coolant to keep the temperature of the punch at -50°C 
at the moment of contact. As is seen, either nitrogen cooled punch or water 
cooled punch resulted in approximately the same cooling rate during 
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stamping. 
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Figure 73 Force evolution of 37MnB4 steel during different stamping 
experiments. 
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Figure 74 Temperature gradient during hot stamping of 37MnB4 steel;                        
a) water cooled punch; b) nitrogen cooled punch. 
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3.5.5 Microstructural evaluation 
As mentioned before, 3.5.1, the microstructure of as-received material is 
ferritic – pearlitic. Rapid cooling whether by water quenching or by cooling in 
the tools resulted in fully martensitic microstructure.  
                    
       
    
Figure 75 Light optical and scanning electron microscopy images of hot stamped 
37MnrB4 blanks; a & b) 900ºC, 10’-hot stamping-WCP; c & d) 
900ºC,10’- hot stamping-NCP; e & f) Cold stamping- 900ºC, 
10’+WQH. 
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Due to higher carbon level, the martensite in the light optical microscopy 
looks darker than former boron steels. Selected light optical and scanning 
electron microscopy images are given in Figure 75. The stamping processes 
resulted in fully martensitic with approximately the same morphologies. 
 
3.5.6 Linear and surface hardness profiles 
The hardness values along the half of the stamped blank in various stamping 
conditions are plotted in Figure 76. It is seen that the mean values of hardness 
for different conditions of stamping are approximately the same. Two surface 
hardness map corresponding to hot stamping by using water cooled punch as 
well as nitrogen cooled punch are plotted in Figure 77. 
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Figure 76 Linear hardness profiles along the half of the stamped blank section-
37MnB4 steel. 
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Figure 77 Surface hardness maps of 37MnB4 steel after hot stamping; a) water 
cooled punch; b) nitrogen cooled punch. 
3.5.7 Mechanical properties 
Mechanical properties of 37MnB4 steel grade after stamping processes are 
summarized in Table 13. Selected true stress versus true strain curves are 
plotted in Figure 78. It is seen that this steel grade after hardening represents 
ultra high strength levels beyond 2000 MPa which is quite high strength.  
Tensile tests for the water quench hardened samples were not successful. It 
was repeated six times but every time, the samples broke out of the gauge 
length and no data was recorded. It might be due to high brittleness as well as 
quite ultra high strength of the steel after quench hardening. 
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Table 13. Mechanical properties of 37MnB4 steel after stamping processes. 
Steel Condition 
E- 
Module 
GPa 
Rp0.2 
MPa 
Rm 
MPa
Au 
% 
A25 
% n 
as-received 215 580 810 10.6 20.0 0.14
hot stamp-WCP 197 1378 2040 2.2 2.5 0.20
hot stamp- NCP 220 1378 2010 1.6 1.6 0.2237MnB4 
cold stamp+ WQH - - - - - - 
 
WCP- Water cooled punch; NCP- Nitrogen cooled punch; 
 WQH- Water quench hardening 
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Figure 78 True stress – true strain flow curves of 37MnB4 in different 
conditions.  
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3.6 MSW1200 Steel Grade 
The industrially processed un-coated sheets with the thickness of 1.5mm were 
provided by Salzgitter Company. The chemical composition of the MSW1200 
steel is given in Table 2. 
3.6.1 As-received material characterization 
The microstructure of as-received sheets consists of about 90 percent ferrite 
and 10 percent spheroidized pearlite, Figure 79. This steel grade with the 
spheroidized pearlite is suitable for cold working. 
 
Figure 79 The microstructure of as-received MSW1200 steel. It consists of about 
90% ferrite plus 10% spheroidized pearlite. 
The yield strength is about 400 MPa, the tensile strength is about 560 MPa and 
the percentage of uniform reduction (Au) is approximately 14.7%.  
3.6.2 The CCT diagram 
The predicted CCT diagram is given in Figure 80. The martensite start 
temperature (Ms) is about 420°C. By assuming the martensite finish 
temperature (Mf) of 227°C (500K), the cooling rates higher than 20°C must be 
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result in fully martensitic microstructure. 
 
Figure 80 The predicted CCT diagram of MSW1200 steel. 
3.6.3 Austenization treatment 
The blanks were austenitized at two temperatures of 900°C and 950°C for 
15min and 10min, respectively. The results are summarized in Table 14. 
Table 14. The characterization of MSW1200 steel after austenization. 
Steel 
Thick 
-ness 
(mm) 
Austenization
Temperature 
(°C) 
Soaking
time 
(min) 
Sample
name HV10 Microstructure 
PAGS 
 DIN 
 [105] 
As-received  MSWR 190 91F+9P  
900 15 MSWx 464 100M 5 and 8MSW1200 1.5 
950 10 MSWy 463 100M - 
 
Both of the temperatures and soaking times resulted in fully martensitic 
microstructure. The primary austenite grain boundaries were investigated as 
mentioned before, section 2.7. It is seen that the primary austenite grains have 
two different morphologies with different sizes, Figure 81. The small grains 
are about 22μm (8-[105]) as well as the big grains with the size of 62μm (5-
[105]).  
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Figure 81 The primary austenite grain boundaries of MSW1200 steel after 
austenization at 900°C for 15 minutes. 
As a consequence, for the following stamping experiments, both austenization 
treatments of 900°C and 950°C were used. 
3.6.4 Hot stamping 
The basics of stamping experiments are the same as former experiments. Hot 
stampings were carried out after austenization treatment at 900°C for 15min or 
950°C for 10min. The same austenization treatment was used after cold 
stamping of the blanks. During hot stamping, the punch was cooled by water 
to room temperature or by nitrogen to minimum -40°C at the moment of 
deformation. The cold stamped blanks were hardened after austenization 
treatment by quenching with water or air.  
Some extra and special semi-hot stamping experiments were performed. In 
semi-hot stamping experiments first, the blanks heated up to 650°C and kept at 
that temperature for 5 or 10 minutes. Then, it is transferred to the mould 
assembly and simultaneously formed and cooled in the mould. This type of 
press hardening was performed just for this steel grade.  
The temperature and the force evolution during hot stamping process after 
austenization at 950°C for 10min in which the punch is cooled by water is 
plotted in Figure 82. 
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Figure 82 Temperature and force evolution during hot stamping of MSW1200 
steel. The blanks austenitized at 950°C for 10min. WCP stands for 
water cooled punch. 
The maximum applied force was about 30KN. The cooling rate in the range of 
initial deformation temperature (825°C) and 200°C was about 158°C/s. The 
temperature of the die which is not cooled rise to the maximum 100°C while 
this enhancement for the water cooled punch is about 70°C. These amounts of 
temperature increase in this short period of deformation can not alter the 
material characterization.  
3.6.5 Microstructural evaluation 
Different stamping parameters resulted in various phases in the final 
microstructures. The results of quantitative and qualitative investigations are 
summarized in Table 15. It is seen that the favorite microstructure – fully 
martensitic- was achieved by hot stamping after austenization at 950°C for 
10min and using nitrogen as coolant.  
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Table 15. The phase fractions of MSW1200 steel after stamping processes. 
Process Treatment Martensite % 
Bainite    
% 
Ferrite    
% 
Pearlite 
% 
900ºC, 15’ 
+AQ 17 20 63 - 
900ºC, 15’ 
+WQ 100 - - - 
950ºC, 10’ 
+AQ 1 90 9 - 
Cold 
stamping    + 
quench 
hardening 
950ºC, 10’ 
+WQ 100 - - - 
650ºC, 10’ 
WCP 20 5 75 - Semi-Hot 
stamping 650ºC, 5’ 
WCP 3 2 93 2 
900ºC, 15’-WCP 83 16 <1  
950ºC, 10’-WCP 96 4   Hot stamping 
950ºC, 10’-NCP 100 <1   
WQ-Water quench; AQ-Air quench;  
WCP - Water cooled punch; NCP - Nitrogen cooled punch. 
 
Some of the selected images corresponding to hot stamping, semi-hot 
stamping and quench hardening are represented in Figure 83, Figure 84 and 
Figure 85, respectively.  
   
Figure 83 Microstructure of MSW1200 steel after hot stamping; a) 900°C, 
15min+ hot stamping-WCP; b) 950°C, 10min+ hot stamping-NCP. 
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Figure 84 Microstructure of MSW1200 steel after semi-hot stamping; a) 650°C, 
5min+ semi-hot stamping; b) 650°C, 10min+ semi-hot stamping. 
   
Figure 85 Microstructure of MSW1200 steel after quench hardening; a) 900°C, 
15min + air quench; b) 900°C, 10min + water quench. 
3.6.6 Linear and surface hardness profiles 
As stated before, the linear hardness of MSW1200 steel was measured. The 
hardness values along the half of the hot and semi-hot stamped blanks are 
plotted in Figure 86. It is seen that hot stamping after austenization at 950°C 
for 10min results in higher hardness level (average) than at lower 
austenization temperature. But the homogeneity of the hardness and in the 
same meaning the homogeneity of the microstructure of the blank after 
austenization at lower temperature is higher. Semi-hot stamping after heat 
treatment at 650°C yields approximately the same hardness mean values. 
Although, longer soaking time gives better homogeneity. Different primary 
austenite grain sizes would be another reason for inhomogeneity of hardness. 
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Coarser austenite grains results in coarser martensite lathes and accordingly 
yields in higher hardness values. 
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Figure 86  Linear hardness of MSW1200steel along the half of the stamped 
blank. 
Some surface hardness map of the investigated steel after hot stamping and 
semi-hot stamping experiments are plotted in Figure 87 and Figure 88, 
respectively. The surface hardness maps are the good guides for studying the 
quantitative and qualitative metallographic investigations, because each phase 
has its own hardness range. As a result, the values of the fraction of the existed 
phase in Table 15 can be compared with the results of surface hardness maps. 
The hardness values less than 200 HV0.8 can be assumed as ferrite, between 
200 HV0.8 and 400 HV0.8 as bainite and above 400 HV0.8 as martensite. 
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Figure 87 Surface hardness map of MSW1200 steel; a) 900°C, 15min+ hot 
stamping, WCP; b) 950°C, 10min+ hot stamping, WCP. 
 
Figure 88 Surface hardness map of MSW1200 steel; a) 650°C, 5min+ semi-hot 
stamping, WCP; b) 650°C, 10min+semi-hot stamping, WCP. 
 
3.6.7 Mechanical properties 
The results of tensile tests as mentioned in 2.9 are listed in Table 16. The flow 
of true stress versus true strain in various press hardening conditions are also 
depicted in Figure 89. It is evident that hot stamping experiments as well as 
water quench hardening yields in ultra high strengths. This phenomenon is 
done in expense of loosing the ductility. The ductility of the investigated steel 
is lowered from 14.7% in as-received condition to approximately 2.5% after 
hardening. 
Semi-hot stamping experiments results in the mechanical properties between 
as-received and as-hardened samples. Keeping the blanks at 650°C for 5min 
does not alter the mechanical properties of as-received materials. 
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Using nitrogen as coolant in mould assembly gives approximately the same 
mechanical properties as the hot stamped blanks by water cooled punch. 
Table 16. Mechanical properties of MSW1200 steel after various types of press 
hardening. 
Process Treatment E-Module GPa 
Rp0.2 
MPa 
Rm 
MPa 
Au 
% 
A25 
% 
900ºC, 15’ 
+AQ 165 490 770 9.7 17.0 
900ºC, 15’ 
+WQ 186 1147 1525 2.3 3.2 
950ºC, 10’ 
+AQ 170 540 774 7.8 14.0 
Cold  
stamping 
+  
quench 
hardening 950ºC, 10’ 
+WQ 162 1110 1390 1.7 4.0 
650ºC, 5’-WCP 243 448 567 14.6 25.6 Semi- 
hot stamping 650ºC, 10’-WCP 216 400 830 7.0 9.0 
900ºC, 15’-WCP 186 916 1260 2.7 3.7 
950ºC, 10’-WCP 188 936 1266 2.5 5.5 Hot  stamping 
950ºC, 10’-NCP 226 936 1287 2.2 2.5 
0.00 0.05 0.10 0.15 0.20 0.25
200
400
600
800
1000
1200
1400
1600
1800
2000
C&D
B
A - Cold stamping +950°C-10'-WQ
B - 950°C-10'+Hot stamping -NCP
C - 900°C-15'+Hot stamping -WCP
D - 950°C-10'+Hot stamping -WCP
E - Cold stamping +950°C-10'-AQ
F - 650°C-10'+Semi-hot stamping-WCP
G - 650°C-5'+Semi-hot stamping-WCP
H - As-received
A
E F  
 
T
ru
e 
St
re
ss
 (M
Pa
)
True Strain (-)
G
H
MSW1200 Steel
 
Figure 89 The flow of true stress in terms of true strain for MSW1200 steel in 
different stamping conditions. 
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3.7 Dual phase Steels 
Dual phase steels are characterized by a mixture of fine ferrite containing 
small islands of martensite. The hard martensite particles provide substantial 
strengthening while the ductile ferrite matrix gives good formability. In he 
following, three types of dual phase steels which provide high strength levels 
will be investigated.  
3.7.1 As-received material characterization 
Three grades of DP800, DP1000 and DP1400 dual phase steels were selected. 
The matrix of DP1400 steel is martensite while in the case of DP800 the 
fraction of martensite and ferrite in microstructure is the same.  Consequently, 
the higher volume fraction of martensite gives the higher strength level and the 
lower ductility. The as-received industrially processed sheets of DP1400 with 
the thickness of 1.0mm consist of approximately 90% martensite and 10% 
ferrite, Figure 90a. This fraction in DP800 with the thickness of 1.0mm and in 
DP1000 with the thickness of 1.5mm is 40% martensite + 60% ferrite and 
75% martensite + 25% ferrite, respectively, Figure 90b and c. The hardness of 
investigated DP1400, DP1000 and DP800 steels by using Vickers hardness 
and the load of 10kg (HV10) is about 488, 340 and 230, respectively. These 
steel grades without any treatment and hardening lies in the ultra high strength 
steel grades. The yield and the ultimate tensile strength of the as-received 
steels exceed 600 MPa and 800 MPa, respectively. In contrast, the ductility is 
very low, i.e., the uniform reduction (Au) varies between 3% - 9%. 
 
 
 
 
 
Results  
 
 
122
 
  
  
Figure 90 Microstructure of as-received dual phase steels; a) DP1400- about 
80% martensite and 20% ferrite; b) DP1000-74% martensite plus 26% 
ferrite; c) DP800- 41% martensite and the remained ferrite. 
3.7.2 The CCT diagrams 
The CCT diagrams are predicted by using the TTT/CCT diagram prediction 
program for low alloy steels. The predicted diagrams are very rough, Figure 
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91. For the prediction of the CCT diagrams, the austenization temperature was 
chosen 927°C and the cooling rates of 0.01s-1 to 100s-1 were assumed. The 
martensite starts temperatures (Ms) for DP1400, DP1000 and DP800 are 
estimated approximately 420°C, 440°C and 450°C, respectively. The trend of 
the temperatures is correct, because by increasing the carbon content, the 
martensite start temperature is decreased.  
 
Figure 91 The predicted TTT/CCT diagram of investigated dual phase steels; a) 
DP1400, b) DP1000 and c) DP800. 
3.7.3 Austenization treatment 
The blanks heated up to two different austenization temperatures of 900°C and 
950°C. For every temperature, three time period of 10min, 15min and 20min 
was chosen. The austenization plan and the materials properties after each 
treatment are given in Table 17. It can be seen that for every steel grade, the 
various austenization plans result in approximately the same material 
properties. In all the cases, for DP1400, DP1000 and DP800, the hardness 
exceeds 570, 470 and 440 HV10, respectively and the primary austenite grain 
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size ( md ) varies between 5.5μm and 7.8μm. Some example light optical 
metallography images are given in Figure 92 and Figure 93. For later stamping 
experiments, the DP1400 blanks were austenitized at 900°C for 20min and 
950°C for 15min, the DP1000 blanks at 950°C for 20min and for the DP800 
sheets at 900°C for 15min. 
Table 17. Austenization plan and the material properties after austenization                          
treatment for dual phase steels. 
Steel 
Thick
-ness
(mm)
Austenization
Temperature 
(°C) 
Soaking
time 
(min) 
Sample
name HV10 Microstructure 
PAGS 
 DIN 
[105]
As-received  DP14R 488 93M+7F  
10 DP14x1 572 100M 11-12
15 DP14x2 572 100M 11-12900 
20 DP14x3 572 100M 11-12
10 DP14y1 572 100M 11-12
15 DP14y2 577 100M 11-12
DP1400 1.0 
950 
20 DP14y3 568 100M 11-12
As-received  DP10R 340 74M+26F  
10 DP10x1 470 100M 11-12
15 DP10x2 471 100M 11-12900 
20 DP10x3 473 100M 11-12
10 DP10y1 487 100M 11-12
15 DP10y2 490 100M 11-12
DP1000 1.5 
950 
20 DP10y3 508 100M 11-12
As-received  DP8R 232 41M+59F  
10 DP8x1 436 95M+5F 12 
15 DP8x2 449 100M 12 900 
20 DP8x3 446 100M 12 
10 DP8y1 444 90M+10F 12 
15 DP8y2 439 90M+10F 11-12
DP800 1.0 
950 
20 DP8y3 443 90M+10F 12 
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Figure 92 Fully martensitic microstructure after austenization at 950°C for 
20min; a) DP1400, b) DP1000, and c) DP800. 
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Figure 93 Primary austenite grain boundary of DP1400 steel austenitized at; 
a)900°C for 20min, and b)950°C for 20min. 
3.7.4 Hot stamping tests 
The temperature evolution of the mould assembly and the blank of DP1400 
steel grade during hot stamping by using water as cooling media in the punch 
are plotted in Figure 94. It took about 7.5s to transfer the hot blank from the 
furnace to the mould assembly. It is not short time to avoid phase 
transformation. Although, the cooling rate after initial contact and the 
martensite start temperature is fast enough, 270°C/s. Because of the low 
thickness of the sheet, the heat transfer is occurred very rapidly, so the 
temperature of the non-cooled die and the water cooled punch do not exceed 
more than 60°C.  
The temperature gradient of DP1000 and DP800 grades was almost the same. 
By using nitrogen as coolant, the punch was cooled to approximately -50°C. 
During forming the temperature of the die increased to about 50°C and the 
punch raised to about 5°C. 
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Figure 94 Temperature evolution of the blank and the mould assembly during 
hot stamping of DP1400 steel grade. The blank was austenitized at 
900°C for 20min. 
3.7.5 Microstructural evaluation 
Light optical and scanning electron microscopy investigations were performed 
to study the microstructure evolution after different hardening methods. The 
phase percentage of the dual phase steel blanks after press hardening and 
quench hardening are listed in Table 18. It can be seen that however the 
cooling rate in the mould assembly is high enough for martensitic 
transformation but it is not so easy to get fully martensitic microstructure after 
hot stamping. It is due to long time expenditure for transferring the hot blanks 
from the furnace to the mould assembly. Using nitrogen as coolant in the 
punch would be a good solution to overcome the mentioned problem.   
Some selected LOM and SEM images of the investigated steel in different 
hardening conditions are represented in Figure 95. 
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Table 18. Phase percentage in the microstructure of dual phase steels after 
different hardening methods. 
Steel Process Treatment Martensite % 
Bainite  
% 
Ferrite  
% 
Pearlite 
% 
As-
received - 80  20  
900ºC, 20’+WQ 100 - - - Cold 
stamping+ 
quench 
hardening 
950ºC, 15’+WQ 100 - - - 
900ºC, 20’-WCP 80 - 20 - 
950ºC, 15’-WCP 20 80 - - 
DP1400 
1mm 
Hot 
stamping 
950ºC, 15’-NCP 90 10 - - 
As-
received - 74  26  
Cold 
stamping+ 
quench 
hardening 
950ºC, 20’+WQ 100 - - - 
950ºC, 20’-WCP 60 - 40 - 
DP1000 
1.5mm 
Hot 
stamping 950ºC, 15’-NCP 75 25 - - 
As-
received - 38  62  
Cold 
stamping+ 
quench 
hardening 
900ºC, 15’+WQ 100 - - - 
900ºC, 15’+WQ 40 60 - - 
DP800 
1mm 
Hot 
stamping 900ºC, 15’-NCP 85 15 - - 
 
WQ-Water quench; WCP - Water cooled punch; NCP - Nitrogen cooled punch. 
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Figure 95 Light optical microscopy images of  dual phase steels after press 
hardening;  a and b) DP1400 - 900°C,20min + hot stamping-WCP and 
950°C,15min + hot stamping-NCP; c and d) DP1000 - 950°C,20min + 
hot stamping-WCP and 950°C,20min + hot stamping-NCP; e and f) 
900°C,15min + hot stamping-WCP and 900°C,15min + hot stamping-
NCP.                 
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3.7.6 Linear and surface Hardness profiles 
The linear hardness values of the investigated dual phase steels in different 
stamping and hardening conditions are plotted in Figure 96.  
For DP1400 steel, it can be seen that the as-received steel has higher hardness 
level than the press hardened blanks. It is due to the fact that the as-received 
steel has about 90 percent martensite. At least, in the present research and with 
the present facilities for transferring hot blanks, it is hard to produce fully 
martensitic microstructure. It means the fraction of the martensite after press 
hardening would be the same or even less than in the as-received sheets, i.e., 
lower or the same average hardness levels. But, the advantage of press 
hardening for these types of steels is producing the parts without any spring 
back. It is also seen that the hardness distribution along the half of the 
deformed samples is reasonable.  
For DP1000 steel, the average hardness level of hot stamped blanks in which 
nitrogen was used as coolant is higher than the other conditions. But, the 
distribution of hardness values in press hardened blanks is not very uniform. 
That would be due to the contact problems during press hardening.   
For DP800 steel blanks, the average hardness values of press hardened and 
water quench hardened blanks are approximately the same.  
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Figure 96 Linear hardness of dual phase steels after different hardening 
methods; a) DP1400, b) DP1000 and c) DP800. 
 
Results  
 
 
132
3.7.7 Mechanical properties 
Mechanical properties of investigated dual phase steels are summarized in 
Table 19. The corresponding true stress versus true strain flow curves are 
plotted in Figure 97.  
It is evident from all the curves that water quench hardening results in the 
highest strength level.  
Table 19. Mechanical properties of investigated dual phase steels in different 
conditions. 
 
Steel Process Treatment 
E-
Module
GPa 
Rp0.2
MPa
Rm 
MPa 
Au 
% 
A25 
% 
As-
received - 215 1313 1493 3.0 6.0 
900ºC, 20’ 
+WQ 219 1184 1566 3.8 6.4 
Cold 
stamping 
+  quench 
hardening 
950ºC, 15’ 
+WQ 191 1164 1480 2.1 2.6 
900ºC, 15’-WCP 229 800 1150 3.4 4.3 
950ºC, 10’-WCP 210 831 1131 2.7 3.7 
DP1400 
Hot 
stamping 
950ºC, 15’-NCP 226 926 1292 2.5 3.8 
As-
received - 219 734 1046 5.5 8.6 
Cold 
stamping 
+  quench 
hardening 
950ºC, 20’ 
+WQ 217 1104 1461 2.9 6.0 
950ºC, 20’-WCP 190 600 910 5.4 9.3 
DP1000 
Hot 
stamping 950ºC, 20’-NCP 231 894 1278 2.4 3.6 
As-
received - 216 570 834 9.4 12.4
Cold 
stamping 
+  quench 
hardening 
900ºC, 15’ 
+WQ 211 1084 1370 2.6 6.2 
900ºC, 15’-WCP 208 750 1058 2.6 5.3 
DP800 
Hot 
stamping 900ºC, 15’-NCP 278 904 1257 2.9 4.5 
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Figure 97 True stress versus true strain flow curves of dual phase steels in 
different conditions; a) DP1400, b) DP1000, and c) DP800. 
 
 
Results  
 
 
134
 
3.8 TRIP800 Steel 
The industrially processed TRIP800 uncoated sheets with the thickness of 
1mm were chosen. The chemical composition of the investigated steel is given 
in Table 2. 
3.8.1 As-received material characterization 
The light optical microscopy image of as-received sheets is presented in 
Figure 98. The structure consists of approximately 34% retained austenite (or 
martensite) and the rest of ferrite. The hardness of the material by using 
Vickers hardness method and using 10kg force is about 250. The yield and the 
tensile strength of the investigated sheets are 513 MPa and 837 MPa, 
respectively. 
 
 
Figure 98 Light optical microscopy image of as-received TRIP800. 
3.8.2 The CCT diagram 
The continuous cooling transformation diagram of the TRIP800 steel was 
produced by using the TTT/CCT diagram prediction program for low alloy 
steels. The predicted diagram is very rough, Figure 99. For the prediction of 
the CCT diagram, the austenization temperature was chosen 1200K and the 
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cooling rates assumed to vary 0.01s-1 to 100s-1. The martensite start 
temperature (Ms) is about 400°C. 
 
Figure 99 The predicted CCT diagram of TRIP800 steel. 
3.8.3 Austenization treatment 
Two austenization temperatures of 900°C and 950°C were chosen. For each 
temperature three time period of 10, 15 and 20min were selected. Hardness 
values, microstructure content and primary austenite grain size are 
summarized in Table 20. It is seen that all the austenization schedules does not 
result in fully martensitic microstructure. For later stamping experiments the 
temperature of 950°C and the time duration of 15 minutes which gives the 
highest hardness level were selected.   
Table 20. Materials characterization after austenization treatments for TRIP800. 
Steel 
Thick 
-ness 
(mm) 
Austenization
Temperature 
(°C) 
Soaking
time 
(min) 
Sample
name HV10 Microstructure
As-received  TR8R 250 35RA+65F 
10 TR8x1 580 100M 
15 TR8x2 567 89M+11F 900 
20 TR8x3 564 92M+8F 
10 TR8y1 574 100M 
15 TR8y2 580 100M 
TRIP800 1.0 
950 
20 TR8y3 558 97M+3B 
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Two selected metallography images are Figure 100. The white grains in Figure 
100a exhibits ferrite.  
   
Figure 100 Light optical microscopy images of TRIP800 after austenization at; a) 
900°C for 15min, and b) 950°C for 15min. 
3.8.4 Hot stamping experiments 
Several cold and hot stamping experiments were carried out. The speed of 
punch fixed at 40mm/s. The magnitude of 150KN force was applied. The 
depth of forming is 20mm. Variations of force in terms of displacement of the 
investigated steel in different stamping conditions are plotted in Figure 101. 
During cold forming, there are two jogs which represent the jump of the 
needed force values at the moment of initial contact and the secondary contact 
with the corner of the die. But, due to the ease of deformation at high 
temperatures, no jump is seen in the force flow curves. For hot stamping with 
nitrogen cooled punch, the punch was cooled to approximately -50°C. The 
temperature of punch and the die during hot stamping by using nitrogen as 
coolant exceeds to -5°C and 40°C, respectively. While by using water coolant, 
the temperature of the punch and the die increased to about 70°C and 100°C, 
respectively. 
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Figure 101 Evolution of force in terms of displacement for TRIP800 blanks. 
3.8.5 Microstructural evaluation 
Light optical microscopy investigations were carried out. The quantitative and 
qualitative measurements are listed in Table 21. The severe cooling media 
yields the higher volume fraction of martensite. Some selected LOM images 
of the investigated steel are given in Figure 102. As mentioned in the 
following table, hot stamping by using water as coolant media could not 
provide the necessary driving force for fully martensitic transformation. So 
some white ferrite islands can be detected in the microstructure.  
Table 21. Microstructure evaluation of TRIP800 in different conditions. 
Process Treatment Martensite % 
Bainite   
% 
Ferrite   
% 
Retained 
austenite
% 
As-received - - - 65 35 
Cold 
stamping + 
quench 
hardening 
950ºC, 15’+WQ 100 - - - 
950ºC, 15’-WCP 92 2 6 - 
Hot stamping 
950ºC, 15’-NCP 98 2 - - 
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Figure 102 Light optical microscopy images of TRIP800 in different condition; a) 
Cold stamping + 950°C-15min + WQ; b) 950°C-15min + hot 
stamping-WCP; c) 950°C-15min + hot stamping-NCP. 
 
 
Results  
 
 
139
3.8.6 Linear and surface Hardness profiles 
The fundamentals of linear hardness measurements are explained before, 
section 2.8. The results of the hardness measurements of the studied steel as 
well as the mean values are plotted in Figure 103.  The higher hardness values 
belong to the hot stamped by nitrogen cooled samples rather than the water 
quenched samples. These hardness levels are very high and seem a little 
strange. Hardness measurements repeated two times nevertheless, the same 
results were achieved. 
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Figure 103 Linear hardness values of TRIP800 along the half of the stamped 
blank. 
3.8.7 Mechanical properties 
Mechanical properties of the investigated steel after tensile tests at room 
temperature are listed in Table 22. The true stress versus true strain flow 
curves of the steel are also plotted in Figure 104. It is seen that water quench 
hardening represents the highest strength level with reasonable ductility. In 
contrast, press hardening of the blanks by using nitrogen cooled punch yields 
lower tensile strength as well as lower ductility. On the contrary, press 
hardening by using water cooled punch result in the lowest yield and tensile 
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strength levels than other hardening methods. 
Table 22. Mechanical properties of TRIP800 steel in different stamping 
conditions.  
 
Steel Process Treatment 
E- 
Module
GPa 
Rp0.2
MPa
Rm 
MPa 
Au 
% 
A25 
% 
As-
received - 216 514 836 22.9 26.6
Cold 
stamping 
+  quench 
hardening 
950ºC, 15’ 
+WQ 216 1130 1553 2.8 4.9 
950ºC, 15’-WCP 184 787 1190 4.6 5.3 
TRIP800 
Hot 
stamping 950ºC, 15’-NCP 222 1110 1400 1.7 2.0 
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Figure 104 True stress-true strain flow curves of TRIP800 in different stamping 
conditions 
  
 
 
Chapter Four 
 
 
 
 
 
 
 
4 Discussions 
4.1 Laboratory Set-up 
As mentioned before in the main introduction, the first objective of the present 
research was to set-up a laboratory for hot stamping process. At the first step, 
the attempts were focused on using existed equipments.  
4.1.1 Furnace 
An old non-protected atmosphere furnace was selected for pre-heating, i.e., 
austenization of the blanks. The furnace was very applicable while it was 
movable so it could be transferred close to the press. Anyway, the furnace has 
some problems such as small chamber, hard temperature control and so on.  
In future, a new movable furnace with bigger chamber and digital temperature 
controller is needed. It is beneficial when the furnace is equipped with 
protected atmosphere facilities.  
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4.1.2 Hot blank transfer facilities 
Manual transfer of the hot blanks from the furnace to the tools made some 
problems during experiments. It was explained that time period for the whole 
hot stamping is very limited. In case of 22MnB5 boron steels this time period 
is less than ten seconds. In the present research, the transfer period sometimes 
took more than seven seconds. Different transfer time steps make the 
comparison of the results very hard.  
In this regard, a robotic system which can transfer the hot blanks from the 
furnace to the press is recommended. Selection of the robotic machine is 
definitely depends on the furnace type, lay out of the lab and the press.  
4.1.3 Press 
The Schenck press which was used for hot stamping experiments is mostly 
used for common tests like fracture, bending and so on. It was very applicable 
however some limitations make it not very suitable for further hot stamping 
experiments. The efficient size of forming facilities is limited. A new specific 
press for hot stamping of some small auto components would be very useful. 
The size and lay out of the laboratory where the hot stamping was carried out 
is not safe and suitable. A lab with enough moving space and specific lay out 
of the hot stamping equipments must be planned.  
4.1.4 Cutting 
Due to the ultra high strength properties of produced samples, common 
methods of cutting are not recommended. In the present research, hot 
stamping products were cut by wire cutting. This method was very applicable. 
Another method would be softening of the cutting positions by induction heat 
treatments. It is a common method in industries. 
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4.2 As-delivered materials characterization 
4.2.1 Chemical compositions 
In any materials processing techniques, the preliminary considerations should 
be focused on chemical composition. The main elements in the investigated 
steels are listed in Table 23. As seen in Table 23, carbon ranges between 0.07 
in 8MnCrB3 steel to the maximum of 0.33 in 37MnB4 steel. In this regards, 
all the investigated steels are listed in the low carbon steel grades. It is well 
described in 1.5.2 and Figure 7 that there is a strong correlation between 
carbon and boron contents. In fact, the boron hardenability effect generally 
decreases with increasing carbon content [53]. Thus, boron is most effective in 
increasing the hardenability of low carbon steels and has essentially no effect 
in steels with higher carbon contents approaching to 0.8%. Thus, in boron 
alloyed steels, the lowest carbon content leads to the highest hardenability 
effect corresponding to boron content [53], [54], [59]. However, in high 
carbon content steels, adding Ti would be a solution to improve hardenability 
effect of boron. Titanium consumes nitrogen content to produce nitrides and as 
a consequence, the nitrogen content to react with boron is reduced. 
Accordingly, hardenability effect of boron is increased. Due to the mentioned 
facts, the highest titanium values can be found in boron alloyed steels. More 
information on this topic can be found in [52], [53] and [58]. 
4.2.2 Microstructural evaluations 
Except to the investigated dual phase and TRIP steels, the other grades have 
ferritic-pearlitic microstructure in as-delivered conditions.  The pearlite 
content varies from 4 to 53 percent. One of the main aims of hot stamping 
process is using the steels with high strength and good formability. Ferritic-
pearlitic steels due to lower strength levels and higher ductility comparing to 
other steel grades exhibits very good hot formability. 
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Table 23. The range of main elements in the investigated steels-mass percent.  
Element Values Remarks 
C 0.07(8MnCrB3)-0.33(37MnB4) Low carbon steels 
Mn 0.75(8MnCrB3)-1.71(MSW1200) Mn content of boron steels  varies between 0.75 to 1.24 
Cr 0.01(DP1000)-0.37(8MnCrB3) The lowest values in DP and  TRIP steels 
Ti 0.002(DP800)-0.048(8MnCrB3) The highest values in boron steels
B 10ppm-20ppm Just in boron alloyed steels 
 
However, the spheroidized form of pearlite shows better cold workability [13]. 
In this regard, the investigated steels with higher ferrite fraction (8MnCrB3) 
and the steel including spheroidized pearlite may represent better formability 
than the other grades. 
However, it should be mentioned that hot stamping is performed on fully 
austenite microstructure at high temperatures. The effect of as-delivered 
microstructure on austenization treatment and following deformation process 
would be taken into account. 
4.3 CCT diagrams 
The CCT diagrams corresponding four grades of boron alloyed steel, 
including 8MnCrB3, 22MnB5, 27MnCrB5 and 37MnB4 were produced 
experimentally, while the CCT diagrams of the other grades were predicted by 
using software, part 2.2. The experimental diagrams provide more details 
about possible phases during cooling as well as critical cooling rates to 
achieve fully martensitic microstructures. The important parameters taken 
from the predicted CCT diagrams were martensite start temperature Ms and 
the critical time period or critical cooling rate to have fully martensitic 
microstructure. One example comparison between experimental and predicted 
CCT diagrams corresponding to 22MnB5 steel is given in Figure 46. 
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Table 24. Microstructure of the investigated steels in as-delivered conditions.  
Steel 
Thic
kness 
(mm) 
As-delivered 
Microstructure
(%± 3) 
Grain 
size 
(ferrite) 
DIN  
[105] 
( mμ ) 
Remarks 
8MnCrB3 3.5 96F-4P 7.8 Polygonal ferrite- Figure 31 
20MnB5 2.7 75F-25P <3.9 Pearlite mostly in grain  boundaries-  Figure 40 
1.0 11 
1.5 - 
 
22MnB5 
 2.8 
73-77F 
27-23P 7.8 
Figure 45 
27MnCrB5 3.0 70F-30P 5.5 Figure 61 
37MnB4 3.0 47F-53P 5.5 
Pearlite as separate grains 
as well as in ferrite  
grain boundaries-Figure 70 
MSW1200 1.5 90F+10P - spheroidized pearlite-Figure 79 
DP800 1.0 40M+60F - 
DP1000 1.5 75M+25F - 
DP1400 1.0 90M+10F - 
Figure 90 
TRIP800 1.0 34RA+66F - Retained austenite + polygonal ferrites-Figure 98 
 
As is seen, the Ms values as well as minimum time periods are in good 
agreements. 
As mentioned before, the main target to use hot stamping process is producing 
ultra high strength components, i.e., fully martensitic microstructure in the end 
part. Hence, the critical cooling rate as well as the time period to ensure 
producing fully martensitic microstructure must be known. By this 
background, the time period of minimum ten seconds were chosen for 
selection of steel grades.  This time period provides the minimum time to 
transfer the hot blank from the furnace to the tools and hot stamping.  
The critical parameters taken from the experimental and predicted CCT 
diagrams are listed in Table 25. It is seen that except to 8MnCrB3 steel grade, 
all the other grades provide the minimum time period of ten seconds as well as 
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acceptable critical cooling rates. The 8MnCrB3 steel grade was investigated to 
consider fully bainitic components in comparison to fully martensitic. 
4.4 Austenization treatment 
A successful austenization treatment before hot stamping process is the first 
step to produce ultra high strength components. Getting fully uniform 
austenite during austenization, in which no carbides and/or secondary phases 
are found, must be ensured. Otherwise, it is not possible to obtain fully 
martensitic components even by a successful hot stamping process.  
The used austenization treatments as well as materials characterization of 
investigated steels are summarized in Table 26. Except to 8MnCrB3 boron 
alloyed steel grade, in other steel grades the temperature and the soaking time 
were selected properly.  In the case of 22MnB5, 1mm- high austenization 
temperature resulted in coarser primary austenite grain sizes (PAGS). Owing 
to this coarse PAGS, very high hardness levels were achieved. 
Another interesting note is that however fully martensitic microstructures were 
produced, but the level of hardness values of fully martensitic structures are 
not the same. It is due to the carbon content as well as primary austenite grain 
sizes. The higher carbon levels yields higher hardness levels. It can be 
concluded that to have the highest strength, the carbon content must be 
increased. In this regard, the grade of 37MnB4 containing about 0.33 percent 
carbon can produce the highest strength levels. In another view, the higher 
carbon content deteriorates ductility and formability.  
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Table 25. Critical parameters taken from the CCT diagrams. 
Critical 
cooling 
rate 
(°C/s) 
Minimum 
time period
(s) Steel Ms (°C) 
To get fully 
martensite 
Remarks 
8MnCrB3 530 - - 
There is no possibility to 
 have fully martensitic  
microstructure- 
Figure 32 
20MnB5 450 30 10 Figure 41 
 
22MnB5 
 
410 25 10 Figure 46 
27MnCrB5 400 20 35 Figure 62 
37MnB4 350 14 50 Figure 71 
MSW1200 420 15 20 Figure 80 
DP800 450 25 15 Figure 91a 
DP1000 440 45 10 Figure 91b 
DP1400 420 65 10 Figure 91c 
TRIP800 420 60 10 Figure 99 
 
However, the coarser primary austenite grain sizes increase hardenability and 
result in higher hardness levels, but, it makes the produced components very 
brittle. Hence, the finer primary austenite grain sizes, which result in finer 
martensite packets should be produced during austenization treatments. The 
lowest austenization temperatures, i.e., 20-30°C above Ac3 are proposed. 
Owing to the thickness, the soaking time should be optimized. 
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Table 26. The summarized results corresponding to the austenization treatments. 
Austenization 
Steel 
Thick- 
ness 
(mm) Temperature(°C) 
Time
(min)
PAGS
DIN  
[105] 
( mμ ) 
Microst-
ructure HV10 Remarks 
8MnCrB3 3.5 950 10 7.8 100B 330 Table 3 
20MnB5 2.7 900 10 5.5-7.8 100M 473 Table 5 
1.0 950 10 4.4 100M 580 
1.5 900 15 5.5-7.8 100M 526 
 
22MnB5 
 2.8 950 15 5.5-7.8 100M 527 
Table 7 
27MnCrB5 3.0 900 20 5.5 100M 554 Table 10 
37MnB4 3.0 900 10 5.5-7.8 100M 690 Table 12 
MSW1200 1.5 900 15 22&62 100M 464 
Table 14 
-and 
Figure 81- 
Two types 
of fine  
and coarse 
grains 
DP800 1.0 900 15 7.8 100M 460 
DP1000 1.5 950 20 5.5-7.8 100M 508 
DP1400 1.0 950 15 5.5-7.8 100M 577 
Table 17 
TRIP800 1.0 950 15 - 100M 580 Table 20 
4.5 Hot stamping 
The critical issues during hot stamping process are the time period of 
transferring hot blank from furnace to the tools, velocity of punch, cooling 
rates in hot blank in contact with the tools and the duration of keeping the 
tools closed to complete cooling. Velocity of the punch for all the experiments 
was fixed at 40mm/s. Owing to different thicknesses as well as different heat 
transfer coefficients of investigated materials, cooling rates from the initial 
deformation temperature to 200°C varies, however, cooling medias used in the 
punch whether using water or nitrogen had the same conditions. In all the 
cases, cooling rates are higher than the critical cooling rates, extracted from 
CCT diagrams-Table 25. So, water and nitrogen cooling’s circuits have been 
successfully designed.  
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The critical issue is manually transferring of the hot blank from furnace to the 
tools. The time duration of transferring step varies case to case depending on 
ability and dexterity of the technician. This step should be performed by 
installation of a robotic arm.  
The geometry of the sample was designed simple but very applicable. Taking 
hardness profiles as well as tensile samples from the samples were performed 
very easily.  
4.6 Microstructural evaluation 
The list of microstructures resulted after quench hardening and hot stamping 
processes are given in Table 27. It is seen however, the austenization 
treatments were performed satisfactorily and resulted in fully martensitic 
microstructures. The selected austenization treatments during cold stamping 
plus water quench hardening and hot stamping using water cooled or nitrogen 
cooled punch resulted in fully martensitic microstructures mostly in boron 
alloyed high carbon steels. Boron alloyed of 22MnB5, 27MnCrB5 and 
37MnB4 steel grades are the only grades which produced fully martensitic 
microstructure after hot stamping by using water cooled punch. In case of 
using nitrogen cooled punch, the grades of 22MnB5 and 37MnB4 produced 
fully martensitic microstructures in the end part.  
By increasing cooling rate to the range of water quench hardening, it might be 
possible to obtain fully martensitic microstructure in the grades of 20MnB5, 
MSW1200 and TRIP800. 
Dual phase steels do not have the ability of producing fully martensitic 
microstructures at cooling rates in the range of water or nitrogen cooled 
punch. The chemical composition as well as production processes of these 
steels is suitable for production of ferritic-martensitic steels. However, the 
grade of DP1400 yields in ultra high strength levels. The dual phase steels 
were considered to have some reference steel grades.  
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Table 27. Resulted microstructures after stamping processes. 
Austenization Microstructure 
Hot stamping Steel 
Thick- 
ness 
(mm) 
Temper-
ature 
(°C) 
Time
(min) WQH WCP NCP 
Remarks 
8MnCrB3 3.5 950 10 100B 100B 100B Fig14 
20MnB5 2.7 900 10 100M 90M+10B 90M+10B Fig19 
1.0 950 10 100M 100M 100M 
1.5 900 15 100M 98M+2B 96M+4B 
 
22MnB5 
 2.8 950 15 100M 100M 97M+3B 
Figs27-28
27MnCrB5 3.0 900 20 100M 100M 96M+4B Fig43 
37MnB4 3.0 900 10 100M 100M 100M Fig52 
MSW1200 1.5 900 15 100M 83M+16B 90M+10B Fig60-62
DP800 1.0 900 15 100M 90M+10B 85M+15B 
DP1000 1.5 950 20 100M 20M+80F 70M+30B 
DP1400 1.0 950 15 100M 100B 90M+10B 
Fig72 
TRIP800 1.0 950 15 100M 90M+2B+8F 95M+5B Fig79 
 
WQH- Water Quench Hardening; WCP- Water Cooled Punch;                
NCP- Nitrogen Cooled Punch 
 
 
Morphology of present phases is an interesting topic which should be 
discussed. Due to using different processes and cooling media, morphology of 
present phases is differed. For instance, cold stamping plus water quench 
hardening of 8MnCrB3 boron alloyed steel produces granular bainite [75]-[78] 
while upper and/or lower bainite [72] can be well identified in the samples 
produced by hot stamping processes. Primary austenite grains can be 
recognized in the microstructure of hot stamped samples including acicular 
lower and/or upper bainite, Figure 36. 
Microstructure of 20MnB5 boron alloyed steel grade after water quench 
hardening consists of fine equiaxed martensite laths. On the contrary, by using 
water cooled punch acicular martensite elongated into primary austenite grains 
can be well identified. Some fraction of microstructure is bainite needles 
which formed along martensite needles. In case of hot stamping using nitrogen 
cooled punch, upper bainite and primary austenite grains can be well 
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identified, Figure 42.  
In contrast to the grade of 20MnB5, cold stamping plus water quench 
hardening of 22MnB5 grade produces coarse lath martensite [94], [95]. Fine 
lath martensite was created after hot stamping using water or nitrogen cooled 
punch, Figure 50 and Figure 51. 
Morphology of martensite after water quench hardening and hot stamping 
using water or nitrogen cooled punch for 37MnB4 boron alloyed steel grade 
looks similar. It can be concluded that the cooling rates higher than the critical 
cooling rate has the same influence on the microstructure of 37MnB4 steel. 
This conclusion implies that this grade might be a good candidate for 
producing ultra high strength components using hot stamping process. 
In the investigated dual phase and TRIP steels, morphology of ferrite is 
polygonal. Upper and/or lower acicular bainite formed along the martensite 
lathes and in the boundary of primary ferrite and martensite. Diffusion of 
carbon from the enriched martensite to the ferrite zones facilitates bainite 
formation in these regions. 
In conclusion, combination of deformation and using different cooling media 
influence the morphology of presented phases. 
Another fact which should be discussed is the homogeneity of microstructure 
along the thickness and the surface of components. The geometry of sample or 
component has significant effect on heat transfer. In spite of the fact, the 
investigated sample has very simple geometry; remarkable in-homogeneity 
can be seen along the thickness and the section, Figure 52 and Figure 53. Two 
reasons can be arisen. The first is, cooling media is installed in the punch and 
there is no cooling in the die. So, cooling rate in the upper part is higher than 
the lower part which is contact with the die. In fact, there is cooling gradient 
between the up and bottom of the formed sample. Accordingly, possibility of 
martensite formation in the upper side is higher than the bottom.  
Secondly, the geometry of the sample acts an important role during cooling. 
Owing to the geometry, the amount of deformation in different parts of the 
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sample is not the same. The mutual effect of the amount of deformation and 
contact conditions should be taken into account, when hot stamping is 
performed.    
4.7 Hardness profiles 
It is well known that each phase has its own hardness levels. Based on this 
fact, measuring and plotting linear and surface hardness profiles help to study 
homogeneity of microstructure as well as distribution of each phase. In 
addition, dependency of microstructure on geometry of the sample can be 
considered. Owing to these facts, linear hardness profiles along the cross 
section of half sample were plotted for different conditions and steel grades. 
The results were presented separately before. Here, these profiles regarding to 
different steel grades and thicknesses are plotted and compared. Linear 
hardness profiles of the samples deformed by hot stamping using water cooled 
punch or nitrogen cooled punch are given in Figure 105 and Figure 106, 
respectively. Due to the effect of hardness to thickness of samples, they are 
plotted and compared separately. The first graphs belong to the blanks having 
thickness of more than 2.7mm. The same graphs were plotted for the blanks 
with 1.5mm and 1mm thickness. 
The first group, i.e., having thickness of more than 2.7mm, includes several 
types of boron alloyed steels. It is seen that higher hardness average, more 
than 600HV0.8, is obtained using 37MnB4 boron alloyed steel grade. In case of 
using nitrogen cooling system, by increasing carbon content, the average 
hardness increases. There is an exception when using water cooling system, in 
which the average hardness of 22MnB5 steel grade is higher than the grade of 
27MnCrB5.  
In the following graphs, Figure 105a, and Figure 106a, hardness values less 
than 400-450HV0.8 can be assumed as bainite. Hence, by using water cooling 
media, the grade of 37MnB4 is fully martensitic while some bainitic zones can 
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be found in the grades of 22MnB5, 27MnCrB5 and 20MnB5.The grade of 
8MnCrB3 represents fully bainitic microstructure. It can be concluded that 
using water cooled punch provides homogeneous microstructure along the 
cross section of the deformed samples. 
Application of severe cooling media like nitrogen will aid producing mostly 
martensitic microstructures. It can be seen that using nitrogen as coolant in the 
punch resulted in fully martensitic microstructure in the grades of 37MnB4, 
27MnCrB5 and 22MnB5. Some bainite can be detected in the grade of 
20MnB5 and steel grade of 8MnCrB3 is still fully bainitic.  
Some erratic inhomogeneity is seen in the case of 37MnB4 and 27MnCrB5 
steel grades which might be due to the corner of the samples in which heat 
transfer is differed from the other parts. Hardness profile in 22MnB5, 20MnB5 
and 8MnCrB3 exhibits a sinusoidal fluctuation. It might be due to weak or 
non-successful austenization treatment. As-delivered microstructure of the 
investigated boron alloyed steels is ferritic-pearlitic in which, ferrite is poor 
and pearlite is enriched of carbon content. The resulted austenite after non-
successful austenization treatment leads in non-homogeneous austenite owing 
to carbon content. Austenite formed in previous pearlite zones have higher 
carbon content than the others transformed from the previously ferrite zones.  
Accordingly, austenite containing higher carbon exhibits higher hardness 
levels than the neighbor austenite with lower carbon content. So, it is 
concluded that during austenization treatment not only producing fully 
austenite is essential but also homogeneous distribution of carbon content in 
austenite should be considered. 
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Figure 105 Comparison of linear hardness profiles corresponding to hot stamping 
using water cooled punch; a) thickness of blanks in the range of 
2.7mm to 3.5mm, b) blanks of 1.5mm, c) blanks of 1.0mm. 
Discussions 
 
 
155
0 5 10 15 20 25 30 35 40 45 50 55 60
0
100
200
300
400
500
600
700
800
900
(a)
D-20MnB5-2.7mm
E-8MnCrB3-3.5mm
A-37MnB4-3mm
B-27MnCrB5-3mm
C-22MnB5-2.8mm
E-242
D-422
C-475
B-580
A-613
Hot stamping-NCP
 
 
H
ar
dn
es
s (
H
V
0.
8)
Distance (mm)
 
0 5 10 15 20 25 30 35 40 45 50 55 60
300
350
400
450
500
550
600
650
700
750
800
850
900
(b)
A-TRIP800-1mm
B-DP1400-1mm
C-DP800-1mm
C-505
B-610
A-792
Hot stamping-NCP
 
 
H
ar
dn
es
s (
H
V
0.
8)
Distance (mm)
 
Figure 106 Comparison of linear hardness profiles corresponding to hot stamping 
using nitrogen cooled punch; a) thickness of blanks in the range of 
2.7mm to 3.5mm, b) blanks with 1mm. 
Except to the grade of 27MnCrB5 steel, it can be also concluded that using 
nitrogen cooled punch instead of water cooled punch not only does not alter 
the average hardness values but also it deteriorates the homogeneity of 
produced microstructure along the cross section of the sample. Consequently, 
using nitrogen cooling media is not recommended.    
The same inhomogeneity in carbon content of primary austenite can be well 
recognized by looking to the hardness profile of DP1000 steel grade formed 
by hot stamping using water cooled punch. Two separate high and low 
hardness profiles are detected. In the first 10mm, hardness values are in the 
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range of martensite’s hardness while the rest has hardness values in the range 
of bainite and even ferrite. It might be due to non-successful austenization 
treatment as well as the time of transferring hot blank. Air cooling during 
transferring step might cause some ferritic or bainitic transformation in some 
parts of the hot blank which is more in contact with air. Another reason would 
be the same as mentioned before, i.e., heterogeneous distribution of carbon 
content corresponding to the as-delivered ferritic-martensitic microstructure.   
The same fluctuations can be seen in hardness profiles of DP800, DP1400 and 
TRIP800 steel grades. These phenomena can be explained by aforementioned 
interpretations. 
For better explanation of microstructure homogeneity in hot stamped samples 
some surface hardness mappings were performed. This technique is a novel 
technique proposed and developed by the department of Ferrous Metallurgy at 
RWTH Aachen University.  In this technique, the surface of the sample is 
scanned using an indenter which exerts a 0.8g force on the surface of the 
sample and records the hardness of the points in Vickers or Rockwell hardness 
scales. In the present research, surface hardness measurements were 
performed on the previously deformed samples. To do this, the deformed 
samples were cut lengthwise. The Vickers hardness of the whole deformed 
surface was measured in 0.3mm steps using an exerted force of 0.8g. 
Afterward, the surface hardness map of the sample was plotted.  
The samples were mounted after cutting. Surface hardness measurements were 
started one millimeter out of the sample, i.e., from the polymeric mount. The 
hardness of mount material is detected as 999, which is ignored. Due to the 
boundary conditions between the mount material and the sample, the hardness 
values for the edge of sample must not be quantified. Accordingly, 
quantitative measurements by surface hardness mapping were performed from 
the reliable hardness data, which is taken from inside the sample.  
This technique gives the best physical understanding of phase heterogeneity 
using hardness criterion. 
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Some examples are given in Figure 56, Figure 57, Figure 68, Figure 77, Figure 
87 and Figure 88. By using this technique, hardness distribution and similarly 
phase distributions can be well studied. The advantage of this technique in 
comparison to linear hardness profiles is that by this technique a vast and wide 
range of sample can be scanned and measured. It is possible to use this 
technique instead of metallography techniques. During metallographical 
investigations, some selected regions are studied. Therefore, if the 
microstructure is not homogeneous, many points regarding to different present 
phases must be observed. Accordingly, it is time consuming and very 
expensive. Surface hardness mapping technique provides a unique possibility 
to scan wide surfaces and plot the hardness profiles which give physically 
understanding of present phases. This technique can be used to quantify and 
identify present phases. More details about quantitative and qualitative 
measurement of present phases are reported elsewhere [110].  
Discussions corresponding to surface hardness maps of some investigated 
steels are presented in results section separately.  
4.8 Mechanical properties 
Mechanical properties corresponding to all of the investigated steels after hot 
stamping using water or nitrogen cooling system as well as water quench 
hardening are summarized in Table 28 and Table 29. For better discrimination 
and illustration, some bar charts and flow curves are given in Figure 107 to 
Figure 110. Many interesting conclusions can be taken from these tables and 
figures. These results are discussed in the following. 
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Table 28. Mechanical properties of investigated steels after different hot 
stamping conditions. 
Process Steel 
Thick
-ness 
(mm)
Treatment Rp0.2MPa
Rm 
MPa
Au 
% 
A25 
% 
Form 
ability 
 index 
UTS×A25
8MnCrB3 3.0 950°C,10min 751 882 2.4 9.5 8380 
20MnB5 2.7 950°C,10min 967 1354 3.1 4.7 6364 
1.0 950°C,10min 1024 1418 2.6 3.7 5247 
1.5 950°C,10min 1010 1478 3.4 6.3 9311 22MnB5 
2.8 950°C,15min 987 1493 3.6 8.1 12093 
27MnCrB5 3.0 900°C,20min 1097 1611 2.8 4.0 6444 
37MnB4 3.0 900°C,10min 1378 2040 2.2 2.5 5100 
MSW1200 1.5 950°C,10min 936 1266 2.5 5.5 6963 
DP800 1.0 900°C,15min 750 1058 2.6 5.3 5607 
DP1000 1.5 950°C,20min 600 910 5.4 9.3 8463 
DP1400 1.0 950°C,15min 831 1130 2.7 3.7 4180 
Hot  
stamping 
- 
WCP 
 
TRIP800 1.0 950°C,15min 787 1190 4.6 5.3 6310 
8MnCrB3 3.0 950°C,10min 777 905 2.2 9.7 8780 
20MnB5 2.7 950°C,10min 992 1350 2.7 7.6 10260 
1.0 950°C,10min 1076 1413 1.7 2.1 2967 
1.5 950°C,10min 1075 1480 3.2 5.4 7992 22MnB5 
2.8 950°C,15min 1050 1490 3.2 7.4 11026 
27MnCrB5 3.0 900°C,20min 1137 1630 3.3 5.9 9617 
37MnB4 3.0 900°C,10min 1378 2010 1.6 1.6 3216 
MSW1200 1.5 950°C,10min 936 1287 2.2 2.5 3217 
DP800 1.0 900°C,15min 904 1257 2.9 4.5 5656 
DP1000 1.5 950°C,20min 894 1278 2.4 3.6 4600 
DP1400 1.0 950°C,15min 926 1292 2.5 3.8 4910 
Hot  
stamping 
- 
NCP 
TRIP800 1.0 950°C,15min 1110 1400 1.7 2.0 2800 
 
WCP - Water cooled punch; NCP - Nitrogen cooled punch;  
UTS- Ultimate Tensile Strength. 
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Table 29. Mechanical properties of investigated steel after water quench 
hardening. 
Process Steel 
Thick
-ness 
(mm) 
Treatment Rp0.2MPa
Rm 
MPa
Au 
% 
A25 
% 
Form 
ability 
Index 
UTS×A25
8MnCrB3 3.0 950°C,10min 671 840 3.0 11.2 9410 
20MnB5 2.7 950°C,10min 1060 1448 3.8 8.9 12890 
1.0 950°C,10min 1060 1590 2.4 3.8 6040 
1.5 950°C,10min 1195 1607 2.2 4.2 6750 22MnB5 
2.8 950°C,15min 1250 1649 2.8 8.1 13365 
27MnCrB5 3.0 900°C,20min 1256 1695 2.2 2.4 4070 
37MnB4 3.0 900°C,10min - - - - - 
MSW1200 1.5 950°C,10min 1110 1390 1.7 4.0 5560 
DP800 1.0 900°C,15min 1084 1370 2.6 6.2 8495 
DP1000 1.5 950°C,20min 1104 1460 2.9 6.0 8760 
DP1400 1.0 950°C,15min 1165 1480 2.1 2.6 3850 
Cold 
stamping 
+  
WQH 
 
TRIP800 1.0 950°C,15min 1130 1553 2.8 4.9 7610 
 
WQH - Water Quench Hardening; UTS- Ultimate Tensile Strength. 
 
First of all, variations of mechanical properties in the boron alloyed steel 
grades are discussed. For better explanation and comparison, the same range 
of thickness, i.e., 2.7mm to 3.0mm, are compared.   
It is seen that by increasing carbon content in the investigated boron steels, 
regardless of the process, the amount of yield strength, Rp0.2, and ultimate 
tensile strength, Rm, increases. Conversely, total ductility along the 25mm 
gauge length is decreased. The formability index values, UTS×A25, are also 
decreased by increasing carbon content; however, there are some exceptions. 
The grade of 22MnB5 steel exhibits the highest formability index using hot 
stamping process and/or water quench hardening; however, it doesn’t have the 
lowest carbon content. It is not so easy to find a certain reason for this 
observation. It might be correlated mainly to chemical composition. It is seen 
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from Table 2 that 22MnB5 steel grades have the lowest chromium content 
(0.16) and the highest nickel content (0.12) in comparison to the other boron 
alloyed steel grades. It is known that chromium is a ferrite stabilizer and in 
contrast nickel is austenite stabilizer. Probably, mutual effect of these elements 
together with other elements such as manganese and titanium as well as boron 
provides reasonable conditions to have higher formability index by keeping 
the benefits of acceptable carbon content. Another exception is 20MnB5 steel 
grade, which shows higher formability index values than 8MnCrB5 steel grade 
when it is hot stamped by using nitrogen cooling or water quench hardened. It 
might be due to the lower chromium content. 
Another comparable issue is consideration of the effect of thickness. The 
grade of 22MnB5 steel was investigated in three different thicknesses of 1mm, 
1.5mm and 2.8mm. The thicker blanks resulted in lower yield strength, higher 
ultimate tensile strength, higher uniform reduction in area and higher ductility 
along 25mm gauge length. It is clear that larger volume changes takes place 
when the area of the cross section is increased by using thicker sheets. The 
higher volume changes imply higher ductility. In another case, yield stress 
values which is a converse function of the primary area of cross section, A0,  
decreases by increasing the amount of primary area. In contrast, tensile 
strength is a converse function of instantaneous area at the moment of break. 
This value is lower in the case of thicker sheets. Accordingly, the amount of 
tensile strength is increased by increasing thickness. 
It is obvious that formability index values are also increased by using thicker 
blanks.  
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Figure 107 Comparison between yield strength values after hot stamping using 
water or nitrogen cooled punch. 
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Figure 108 Comparison between tensile strength values after hot stamping using 
water or nitrogen cooled punch. 
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Figure 109 Comparison between formability index values after hot stamping 
using water or nitrogen cooled punch. 
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Figure 110 Flow stress of investigated steels after hot stamping; a) WCP and b) 
NCP. 
Mechanical properties of other non-boron alloyed steel grades are considered 
in the following. By looking to the mechanical properties of these steel grades 
represented in Table 28 and Table 29 and also Figure 107 by Figure 110, it can 
be concluded that the grade of TRIP800 results in more comparable 
mechanical properties to boron alloyed steels. For better comparison, 
mechanical properties of these two grades with thickness of 1.0mm are 
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repeated in Table 30. Apart from hot stamping using water cooled punch, 
other processes resulted in better mechanical properties for TRIP800 than 
22MnB5 steel grade. On the other hand, increasing cooling rate, i.e., faster 
cooling yields in better mechanical properties in TRIP800 steel grade.  
By looking at chemical composition of theses steels given in Table 2, it is 
observed that the amount of Si and Mn in TRIP800 is more than 22MnB5 
grade and conversely, the Cr content is one forth. Boron alloyed steel has 
about 20ppm boron to increase the hardenability while the Trip steel does not 
have. The amount of titanium in boron alloyed grade must be taken into 
account as well. 
It can be concluded that by increasing cooling rate or reducing transfer time 
during hot stamping process, TRIP800 steel would be a good substitution to 
the common 22MnB5 steel. The same ultra high strength levels with higher 
ductility and formability index is obtained by using TRIP800 steel grade. 
Probably by adding some boron to the chemical composition of this steel 
higher hardenability can be obtained. 
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Table 30. Comparison between mechanical properties of 22MnB5 and TRIP800 
steel grads after different stamping processes and hardening 
treatments 
Process Steel 
Thick
-ness 
(mm)
Treatment Rp0.2MPa
Rm 
MPa
Au 
% 
A25 
% 
Formability 
index 
UTS×A25 
22MnB5 1.0 950°C,10min 1024 1418 2.6 3.7 5247 Hot 
stamping 
- 
WCP 
 
TRIP800 1.0 950°C,15min 787 1190 4.6 5.3 6310 
22MnB5 1.0 950°C,10min 1076 1413 1.7 2.1 2967 Hot 
stamping 
- 
NCP 
TRIP800 1.0 950°C,15min 1110 1400 1.7 2.0 2800 
22MnB5 1.0 950°C,10min 1060 1590 2.4 3.8 6040 Cold 
stamping 
+ 
WQH 
TRIP800 1.0 950°C,15min 1130 1553 2.8 4.9 7160 
 
WCP - Water cooled punch; NCP - Nitrogen cooled punch;  
WQH- Water quench hardening. 
 
 
  
 
 
Chapter Five 
 
 
 
 
 
 
 
5 Numerical simulation of the process 
In the present research, hot stamping process was simulated experimentally 
and numerically on a laboratory scale. The material properties of formed parts 
after hot stamping were considered in detail. Simulation of the high 
temperature forming process was performed by using FE program ABAQUS. 
The predicted press force and temperature evolutions were compared to 
experimental results in order to verify the used FE-model. In conclusion, an 
acceptable agreement between experiment and simulation could be found.  
5.1 FEM modeling 
Hot stamping is a thermo-mechanical forming process. In this case, a non-
linear, temperature-dependent, hardening function is required for describing 
plastic deformation of sheet metal in the simulation [111]. The used material 
model is a temperature and strain rate dependent elastic-plastic model. 
Influence of phase transformation and transformation plasticity was not 
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considered in the model. However, temperature distributions on blank and 
tools and thermal as well as mechanical contact behavior between blank and 
tools were taken into account. It is assumed that the transverse anisotropy 
vanishes and an isotropic yield condition can be used. A coupled thermal and 
mechanical analysis based on explicit time integration was used in this work, 
wherein each stage was performed with different time step periods. The 
estimation of the time step period is based on the geometry of the initial mesh 
and the material properties of the element in the model. In a multiple hot 
stamping process, the duration of the forming stage is shorter than the total 
process time. After or before the forming stage, additional scaling of the 
thermal stage analysis is possible which further reduces computational time.  
Here, modeling of simultaneous forming and quenching was performed. The 
process was subdivided in three step analysis in the simulation. First step 
concerns with a cooling down of hot blank by transferring from furnace (6-8 
seconds). In the second step, the hot forming begins. Third step is a quenching 
stage due to heat transfer between blank and tools. The modeled blank, die and 
punch are corresponding to the experimental setup. Because of symmetry 
conditions only one quarter of blank and tools and symmetry constraints were 
applied. The blank was modeled with 8-node brick elements and the tools 
were considered to be rigid and modeled with a 3D analytical surface. The 
finite element mesh of blank, punch and die used in the simulation of the 
blank with 1mm thickness is presented in Figure 111. The mechanical contact 
between blank and tools was defined using kinematic contact method and 
friction. The friction force was modeled as a rate-independent friction model 
with a static friction coefficient of 1.0=μ . The punch had a velocity of 40 
mm/s and the forming depth was 20mm. Total experimental process duration 
was about 50 to 60 seconds depending on the thickness of blank and cooling 
system. The actual forming stage was completed after approximately 1 second, 
after which tools and blank remains in contact for further cooling.  
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Figure 111 FEM mesh used for the simulation of 22MnB5 blanks, 1mm.  
Simulation was performed for the hot stamped sheets with 1mm thickness in 
two different conditions, at which the punch was cooled by water or nitrogen. 
The austenization of the blank in furnace has not been simulated. The initial 
temperature of blank and tools, at which the punch was cooled by water, were 
933°C and 20°C, respectively. While by using nitrogen cooled punch, the 
initial temperature of the 1mm blank, the die and the punch were 950°C, 25°C 
and -50°C, respectively. As punch and die were modeled with a rigid surface, 
temperature evolution of the tools was not calculated. Nevertheless, actual 
temperatures measured in the experiment for punch and die were used in the 
simulation for each step. Boundary conditions considered in the thermal 
analyses are contact heat transfer between blank and tools and convection and 
radiation for non-contact surfaces. A convective heat transfer coefficient of 7 
W/m2°C was used. The dependency between contact pressure and contact heat 
transfer coefficient has been investigated [19]. It was shown that cooling rate 
of a blank is decreased by increasing contact pressure. Thus, contact heat 
transfer coefficient is not constant during cooling down of hot blank 
(quenching stage). By the simulation of hot stamping using water cooling 
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punch, thermal contact conductance equal to 1280 W/m2°C and 200 W/m2°C 
were used for the forming stage and 4 seconds after forming, respectively. In 
the simulation of hot stamping using nitrogen cooled punch, a higher value of 
2000 W/m2°C for the forming stage but the same value of 200 W/m2°C for 2.4 
seconds after forming were used. In addition, latent heat released according to 
the formation of martensite was also taken into account. The martensite start 
temperature Ms of 22MnB5 boron steel was determined and is equal to 410°C. 
The latent heat of the transformation from austenite to martensite was 
estimated to be 58.5 kJ/Kg [112].  
The Young’s modulus and Poisson’s ratios as a function of temperature were 
taken from the literature [113]. Isothermal compression and quenching tests at 
different temperatures between 500°C and 900°C and different strain rates of 
0.05s-1 to 10.0s-1 were carried out for 22MnB5 hot rolled plate  steel, in order 
to determine flow stress curve. These loading conditions are close to those 
appearing during hot stamping. In all of the tests, samples were austenitized at 
900°C for 5 minutes and quenched with rate of 50°C/s to the temperature, at 
which the compression test is performed. More information about isothermal 
compression tests are given in [114]. In Figure 112a determined stress-strain 
curves for different temperatures from 550°C to 900°C at strain rate of 1.0s-1 
are presented, whereas Figure 112b shows flow curves for temperature of 
650°C at different strain rates between 0.1s-1 and 10.0s-1. These flow curves 
were used to describe plastic behavior of material depending on temperature 
and deformation rate for the hot stamping simulation. 
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Figure 112 Flow curves of 22MnB5 steel corresponding to the isothermal 
compression tests, a) at different deformation temperatures            
with strain rate of 1.0s-1 and b) at deformation temperature                 
of 650°C and with different strain rates [114]. 
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5.2 Results and discussions of numerical simulation 
The experimental measurement and numerical calculation of temperature 
evolution in the middle of the blank with a thickness of 1mm is represented for 
water and nitrogen cooling system in Figure 113.  
 
 
Figure 113 Measured and calculated temperature in the middle of the 1mm blank 
and calculated temperature evolution using a) water cooling punch 
and b) nitrogen cooling punch. 
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In general, a good agreement of temperature evolution between experiment 
and simulation can be observed for the whole process. 
A few seconds after beginning of the third stage, when forming is completed 
and the blank and the tools remain in contact, a slightly faster cooling was 
obtained in the experiment. This could be caused by the actual contact 
situation between blank and tools, which can strongly influence heat transfer. 
In addition, the effect of oxide layer was not considered here. Temperatures of 
the other points on the blanks should be measured and compared to the 
numerical results. Different thermal contact conductance for different zones on 
the blanks should be probably considered. For further investigation, 
temperature evolution in punch and die has to be taken into account by using a 
thermal element for the tool modeling. On the right hand side of Figure 113a 
and b the calculated temperature distribution on the blank (a half model) with 
a thickness of 1mm at the end of the simulation by a total process time of 46.3 
seconds is shown in case of water and nitrogen cooling, respectively. The 
highest temperature value can be observed in the middle of the blank around 
the flange area. In this area, there is a small gap between the blank and tools in 
the simulation and the heat transfer could not therefore completely take place. 
The effect of released latent heat due to martensitic transformation during 
quenching can be also observed in temperature-time diagrams in Figure 113. 
The curves show a small bend at the temperature of 400°C.   
Figure 114 shows the calculated pressing force from the simulation and the         
determined force from the experimental results in case of water cooling during 
the forming stage in comparison. The reaction force on the punch is defined 
here as the pressing force. An acceptable agreement between experiment and 
simulation was found as well. From the time 1.2 to 1.5 seconds after the 
beginning of the stamping stage, the calculated force slightly overestimates the 
experimental force. In that time range, contact surfaces between blank and 
tools are partly opened, whereas only the areas of edge radius of the punch and 
die are in contact with the blank and a small sliding takes place in the 
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simulation. Therefore, the friction coefficient can play an important role here. 
In addition, the deviation between experimental and calculated results could 
also caused by local material hardening and cooling rate effect depending on 
the contact situation during the process. On the upper side of Figure 114, the 
equivalent stress distribution on the blank at the end of simulation is 
illustrated. 
 
 
 
 
Figure 114 Measured and calculated pressing force from the analysis of the 1mm 
blank and calculated stress distribution. 
 
  
 
 
Chapter Six 
 
 
 
 
 
 
 
6 Summary and Conclusion 
Hot stamping process is an innovative technique which is used by car 
manufactures to produce ultra high strength components without any spring 
back. The main advantage of this process is combining deformation and rapid 
cooling in a single process. Simply, it is a process in which, deformation and 
rapid cooling from high temperatures takes place simultaneously in a short 
time, i.e., less than 10 seconds. 
Hot stamping process is composed by different steps. The first step is 
austenization treatment in which, the blanks are austenitized at the 
temperatures above Ac3 for the sufficient soaking time to have uniform 
austenite. The second step is transferring the hot blanks from the furnace to the 
tools. This step must be as short as possible and not to takes more than 7-8 
seconds. The main step begins after settling the hot blank on the bottom tool. 
As soon as the hot blank is settled on the die, deformation must be started. 
Deformation step should not take longer than 1-2 seconds.  
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The tools are water cooled and provide sufficient cooling rate to transform 
austenite to martensite while the tools are closed. After deformation, the hot 
blanks remain in the tool to be cooled to the temperatures lower than 100°C. 
Because of transformation of austenite to martensite within the stamping 
operation, the spring back effect is avoided. 
The common steel for hot stamping process is 22MnB5 steel with and without 
coating. This steel grade after hot stamping result in about 1000 MPa yield 
strength and about 1500 MPa tensile strength. The reduction in area, A25, is 
varied between three to five percent. 
 
The main objective of the present research was to investigate the possibility of 
producing even higher strength levels as well as finding some substitutional 
steels with the same strength level and better ductility.  
 
To do this, ten steel grades including five boron alloyed steels were selected. 
The bases for selection of the investigated steels are that, they are low carbon 
as well as low alloyed steels. The CCT diagrams of the mentioned steels 
exhibit at least ten seconds time to have fully martensitic transformation. On 
the other hand, they are water quench hardenable steels. Except to 8MnCrB3 
boron alloyed steel grade, all the investigated steels result in fully martensitic 
microstructure after water quench hardening. 
Various techniques were used to follow these goals. As-delivered materials 
were considered by metallographic techniques including LOM and SEM. The 
CCT diagrams were produced experimentally and/or numerically by using 
software represented by Cambridge University. Austenization treatments were 
done to find the optimum austenization temperature and soaking time. 
Hardness measurements and metallographic investigation were performed 
after austenization treatment.  
Hot stamping experiments were performed by equipping a Schenck press. The 
tools including a water or nitrogen cooled punch and a die without any cooling 
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facility were designed and produced in the workshop of IEHK institute. The 
force evolution during the process was recorded by taking the data of load cell. 
Temperature evolution in the die, in the punch and mainly in the hot blank was 
recorded every 0.2 seconds by using thermocouples and HOFFINGER 
BALDWIN MESSTECHNIK instrument.  
Material characterization after hot stamping was investigated by using 
metallographic techniques, linear and surface hardness mapping techniques 
and tensile tests. 
 
It is concluded that the 37MnB4 boron alloyed steel is the best choice to be 
used for producing super ultra high strength components. The marvelous yield 
strength of more than 1370 MPa and tensile strength of more than 2000 MPa 
makes this steel very suitable to answer to the first objective of the present 
research.  
The second objective, which is finding a substitution steel for 22MnB5 with the 
same or better strength and the same and/or better ductility, can be answered 
by using TRIP800 steels. This steel grade, in the optimum cooling rates, i.e., 
using nitrogen cooled punch or water quench hardening yields higher yield 
strength, approximately the same tensile strength levels and the same or better 
ductility values. 
Moreover, some subsidiary results were understood. It is found that in high 
carbon content steels, adding Ti would be a solution to improve hardenability 
effect of boron. Titanium consumes some carbon content to produce carbides 
and as a consequence, the carbon content to react with boron is reduced. 
Accordingly, hardenability effect of boron is increased. 
The lowest austenization temperatures, i.e., 20-30°C above Ac3 are proposed. 
Owing to the thickness, the soaking time should be optimized. 
The selected austenization treatments during cold stamping plus water quench 
hardening and hot stamping using water cooled or nitrogen cooled punch 
resulted in fully martensitic microstructures mostly in boron alloyed high 
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carbon steels. Boron alloyed of 22MnB5, 27MnCrB5 and 37MnB4 steel 
grades are the only grades which produced fully martensitic microstructure 
after hot stamping by using water cooled punch. In case of using nitrogen 
cooled punch, the grades of 22MnB5 and 37MnB4 produced fully martensitic 
microstructures in the end part.  
The homogeneity of microstructure along the thickness and the surface of 
components must be taken into account. The geometry of sample or 
component has significant effect on heat transfer. In spite of the fact, the 
investigated sample has very simple geometry; remarkable inhomogeneity can 
be seen along the thickness and the section, Figure 52 and Figure 53. Two 
reasons can be arisen. The first is, cooling media is installed in the punch and 
there is no cooling in the die. So, cooling rate in the upper part is higher than 
the lower part which is in contact with the die. In fact, there is cooling gradient 
between the up and bottom of the formed sample. Accordingly, possibility of 
martensite formation in the upper side is higher than the bottom.  
Secondly, the geometry of the sample acts an important role during cooling. 
Owing to the geometry, the amount of deformation in different parts of the 
sample is not the same. The mutual effect of the amount of deformation and 
contact conditions should be taken into account, when hot stamping is 
performed. 
It is also concluded that during austenization treatment not only producing 
fully austenite is essential but also uniform distribution of carbon content in 
austenite should be considered. 
In addition, numerical simulation of hot stamping process was performed by 
using ABAQUS program with a coupled thermomechanical explicit code. 
Force and temperature evolution during forming and quenching could be 
predicted in acceptable agreement with experimental data. The numerical 
results can be strongly influenced by the actual contact situation between 
blank and dies. An observation of this contact area in the experiments is 
necessary, in order to verify the simulation. 
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